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With the ceaseless demand towards smaller, thinner and lighter products, much 
innovation has been made in macro-machining for micro and nano applications. 
Among these processes, micro-EDM and micro-ECM have the advantage of negligible 
cutting force due to the non-contact nature of the processes. Notwithstanding this 
advantage, each process has some undesirable effects which limit its capability.  
By appropriate combination of these two processes, their adverse effects could be 
significantly mitigated. However, micro-EDM operates in non-conductive dielectric 
fluid whereas micro-ECM employs conductive electrolyte. Due to these divergent 
requirements, micro-EDM and micro-ECM are usually used sequentially. This requires 
the repetitive change of machine tool or machining fluid hindering its practical use for 
micro-machining. Hence, this study aims to overcome the aforementioned issues by 
combining micro-EDM and micro-ECM as a unique hybrid machining process to 
achieve improved performance on both surface finish and dimensional accuracy. This 
hybrid machining process is referred to in this thesis as Simultaneous Micro-EDM and 
Micro-ECM (SEDCM). 
To resolve the machining fluid issue, the approach of this research is to exploit low-
resistivity deionized water, which has both characteristics of a conductive fluid and a 
dielectric fluid. In addition, short voltage pulses are also applied to localize material 
dissolution zone for higher precision. Hence, this study firstly investigates micro-EDM 






of different pulse parameters, it is found that pulse-on time is the main factor affecting 
the effectiveness of localization or suppression of material dissolution. 
Material removal phenomenon of micro-EDM in low-resistivity deionized water is 
then investigated. It is observed that there is a conversion from mere micro-EDM to 
hybrid micro-EDM/ECM (SEDCM) when the feedrate is reduced. This condition of 
SEDCM is further applied and studied for drilling. For SEDCM drilling, a thin layer of 
affected material generated by the micro-EDM sparks is further dissolved by micro-
ECM from the machined surface, resulting in the improvement of its surface finish. To 
predict the thickness of the following dissolved layer, a model is proposed and verified 
based on the double-layer theory, Butler-Volmer equation and Faraday's law of 
electrolysis. 
In the next stage, SEDCM was applied to milling and developed to fabricate intricate 
3D micro-shapes with enhanced surface finish and dimensional accuracy. Micro-
shapes with surface roughness as low as 22nm Ra have been obtained. For predicting 
suitable machining conditions for SEDCM milling, an analytical model is proposed 
and developed which can indicate critical conditions for transitions of micro-
EDM/SEDCM/micro-ECM milling in low-resistivity deionized water. 
A post-processing approach to generate tool paths for fabrication of 3D intricate 
micro-shapes by micro-EDM milling as well as SEDCM milling is also presented. In 
addition, some systematic errors that occur during machining have been identified and 
appropriately compensated to improve the dimensional accuracy. In particular, 
geometric models are introduced to account for the effect of electrode corner radius on 






This study is expected to make a signification contribution towards the fabrication of 
3D intricate micro-shapes for micro-molds and dies, which entails both good surface 
finish and high dimensional accuracy. 
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Chapter 1  Introduction 
 
1.1 Capability of micro-EDM and micro-ECM for micro-machining 
In recent years, the demands of micro-features and micro-shapes coming from 
electronics, medical applications, and aviation industries increase rapidly (Alting et al., 
2003). Miniaturization is an indispensible and vital direction to obtain thinner, smaller 
and lighter products. The applications include micro-holes for fiber optics, micro-
nozzles for jet engines, micro-mould and die for micro-optic and micro-fluidic devices, 
etc (Altan et al., 2001). Hence, the well-established machining processes need to be 
innovated for these micro-applications (Uriarte et al., 2006).  
Although special manufacturing processes such as photo-lithography, focus-ion-beam, 
and electron-beam-lithography could be used to fabricate micro-structures, such 
methods require high expenditure for equipment and maintenance (Vieu et al., 2000; 
Reyntjens and Puers, 2001). Therefore, there have been many attempts to develop the 
low-cost macro-machining processes for micro and nano-machining applications. 
Conventional metal cutting processes such as turning, milling, and grinding could 
generate surfaces with nano-finish. However, there is size limitation of cutting tools to 
fabricate complex micro-features due to the existence of cutting forces during 
machining (Uriarte et al., 2006). Among the tool-based machining processes, micro-
EDM and micro-ECM are highly favorable due to the fact that they are non-contact 
machining processes (Masuzawa, 2000; Lim et al., 2003). During machining, the 






negligible whereby very fine electrode could be used to fabricate micro-shapes and 
intricate features (Masaki et al., 1990; Schuster et al., 2000). 
1.2 Research challenges and motivations 
Both micro-EDM and micro-ECM could be used to fabricate any electrically 
conductive materials regardless of its hardness (Guitrau, 1997; Ho and Newman, 2003; 
Bhattacharyya et al., 2004). However, they utilize different material removal 
mechanisms. Micro-EDM removes material based on the spark-erosion phenomenon 
whereas micro-ECM dissolves material from the workpiece by electrochemical 
reaction. As a result, the characteristics, strengths and weaknesses of these two 
processes are also diversified. Micro-EDM has considerably higher MRR and better 
machining accuracy than micro-ECM (Rajurkar et al., 1999; Jeon et al., 2006). On the 
contrary, the surfaces generated by micro-ECM are much smoother than that yielded 
by micro-EDM which involves high surface roughness, micro-cracks and residual 
stress (Masuzawa, 2000; Ekmekci, 2007). Furthermore, there is no tool wear and 
thermally-damaged zones for micro-ECM (De Silva et al., 2000). The machined 
surface is thus free of residual stresses and micro-cracks which are the inherent 
disadvantages of micro-EDM. 
Each of these two machining processes has its own advantages and disadvantages. The 
primary weakness of micro-EDM is high surface roughness whereas relatively lower 
material removal rate and dimensional accuracy are main drawbacks of micro-ECM. 
Nevertheless, surface finish and machining accuracy are both of prime importance for 
micro-features and products. Hence, there is a need to associate these two processes to 






machining fluid used is a challenging issue. Micro-EDM operates in non-conductive 
dielectric fluid whereas micro-ECM employs conductive electrolyte during machining. 
For that reason, micro-EDM and micro-ECM have been usually used as sequential 
machining processes. Although this approach is feasible, it has certain practical 
disadvantages. If they are carried out on different machine tools, the change of 
machine set-up after micro-EDM is problematic and impractical for micro-shapes. In 
addition, when being performed on the same machine tool, the electrolyte and 
dielectric fluid need to be alternated, tending to cause the contamination of the 
machining fluid easily. 
1.3 Research objectives 
This research mainly aims to appropriately combine micro-EDM and micro-ECM as a 
unique hybrid machining process, referred to in this thesis as simultaneous micro-
EDM and micro-ECM (SEDCM), which is expected to be capable of fabricating 
micro-shapes with enhanced surface integrity and dimensional accuracy. The principal 
approach of this study is to use low-resistivity deionized water as a bi-characteristic 
machining fluid. To accomplish this goal, several research stages and objectives have 
been made as follow:  
 Study on localizing the electrochemical reaction during micro-EDM in 
deionized water by using short voltage pulses.  
 Analysis of material removal phenomenon in micro-EDM using low-resistivity 
deionized water and feasibility study on the working mechanism of SEDCM. 







 Identification of main factors in SEDCM milling and analytical modeling of 
critical conditions for transitions of micro-ECM/SEDCM/micro-ECM milling 
in low-resistivity deionized water. 
 Development of tool path generation for SEDCM milling of intricate 3D shapes 
and enhancement of dimensional accuracy by compensating the systematic 
errors occurring during machining. 
1.4 Organization of the thesis 
This thesis is organized into ten chapters as following: 
Chapter 1 introduces the capability of micro-EDM and micro-ECM for micro-
machining. The research challenges, motivations and the objectives of this research are 
presented. 
Chapter 2 reviews the previous studies related to the fields of this research. An 
overview of micro-EDM and micro-ECM is briefly given together with some attempts 
to improve the performance of micro-EDM. In addition, some studies on sequential 
micro-EDM/ECM and tool path generation for micro-EDM milling of 3D complex 
shapes are also presented. 
Chapter 3 describes the methodology to combine micro-EDM and micro-ECM in a 
unique hybrid machining process. Moreover, the experimental apparatus and the 
details of equipment used for observations are also introduced in this chapter. 
Chapter 4 presents the study on micro-EDM in low-resistivity deionized using short 
pulses. Effects of different pulse parameters on the electrochemical reaction rate are 






Chapter 5 details the analysis of material removal phenomenon in micro-EDM using 
low-resistivity deionized water. The principle of SEDCM is then introduced and 
experimentally demonstrated.  
Chapter 6 presents the analytical modeling and experimental verification for radial gap 
distance of SEDCM drilling. 
Chapter 7 introduces the SEDCM milling to enhance the surface integrity and 
dimensional accuracy of micro-shapes. The main parameters of this SEDCM milling 
process are also identified. 
Chapter 8 presents the analytical modeling of critical conditions for transitions of 
micro-EDM/SEDCM/micro-ECM milling in low-resistivity deionized water. The 
simulated data are subsequently verified with experimental results. 
Chapter 9 introduces the development of a tool path generation system which could be 
used for micro-EDM or SEDCM milling of 3D intricate micro-shapes. In addition, the 
identification and compensation of some systematic errors which occurs during 
machining are also presented.  
Chapter 10 summarizes the major findings and the main contributions of this research. 
Last but not least, some directions relating to the field of this research are also 







Chapter 2  Literature review 
 
2.1 Introduction 
Micro-EDM and micro-ECM are two potentially suitable methods for fabrication of 
micro-features due to their non-contact material removal mechanisms. This chapter 
presents an overview of these two processes and attempts that have been carried out to 
improve their performance. Firstly, the fundamental working mechanism of micro-
EDM and micro-ECM will be depicted. Then, the advantages and disadvantages of 
these two processes will be discussed. In addition, different methods to improve the 
performance of micro-EDM as well as sequential micro-EDM and ECM are briefly 
reviewed. Besides, some previous studies conducted to fabricate 3D complex micro-
shapes by micro-EDM milling are also introduced. Finally, this chapter ends with a 
number of conclusions that leads to the work of this study. 
2.2 Overview of micro-EDM 
EDM is an electro-thermal machining process in which the electro-erosion 
phenomenon is exploited to remove undesirable material from workpiece (Kunieda et 
al., 2005). During machining, a series of discrete electric discharges is precisely 
controlled to occur in the fine gap between the electrode and workpiece which are 
immersed in dielectric fluid, as shown in Figure 2.1. Each discharge removes a small 








Figure 2.1: Concept of EDM (Kunieda et al., 2005) 
Figure 2.2 illustrates the working mechanism of EDM process. Firstly, the gap voltage 
is applied across the tool electrode and workpiece; thus, the electric field is created in 
the gap between them. The electrode is then driven by a servo controller to reduce the 
gap distance leading to the increase of electric field. As the gap meets the critical 
value, the electric field is stronger than the dielectric strength. There is then a 
breakdown of dielectric fluid and the spark occurs. The plasma column grows, within 
which the electrons move towards the anode and the positive ions move towards the 
cathode. When the electrons hit the anode and the positive ions reach the cathode, their 
kinetic energies are converted into heat. It is reported that extremely high temperature 
(8000C - 12000C) is created in the plasma column (Ho and Newman, 2003). The 
material is thus melted and vaporized. Besides, dielectric fluid is also evaporated 
forming dielectric gases. At the end of discharge, the plasma column disappears. The 
heated dielectric gas envelope collapses, ejecting material from the electrodes in the 
form of debris. Discharge crater is thus formed on the machined surface. With the 
flushing of fresh dielectric fluid, the debris generated is carried away. Another 
discharge occurs and the process repeats. 
Micro-EDM is the innovation of EDM for micro-machining (Masaki et al., 1990). The 






between micro-EDM and EDM. Firstly, micro-EDM is used for fabricating micro-
features so the electrode used usually has smaller size (<500m). Secondly, the 
discharge energy is lowered (<100J) to reduce the crater size (Masuzawa, 2000; 
Uhlmann et al., 2005). Therefore, the RC-type pulse generator is more favorable for 
micro-EDM because it can give short pulse duration and relatively constant pulse 
energy (Rajurkar et al., 2006). Lastly, precise movement mechanisms are required to 
improve the dimensional accuracy (Masuzawa, 2000; Kunieda et al., 2005). Micro-
EDM can be used to drill simple micro-holes or fabricate complex micro-moulds 
(Uhlmann et al., 2005).  
 
Figure 2.2: EDM Process mechanism (Rajurkar et al., 2006) 
In general, micro-EDM can be classified into five main types of which the capabilities 
are summarized in Table 2.1. 









Surface quality Ra 
(μm) 
Drilling 2D 5 μm ~ 25 0.05 – 0.3 
Die-sinking 3D ~ 20 μm ~ 15 0.05 – 0.3 
Milling 3D ~ 20 μm ~ 10 0.5 – 1 
WEDM 2 ½ D ~ 30 μm ~ 100 0.1 – 0.2 






2.3 Overview of micro-ECM 
Electrochemical machining is a material removal process based on the dissolution of 
metal during the electrolysis of electrochemical cell (McGeough, 1974). The 
illustration of electrochemical machining process is given in Figure 2.3.  
 
Figure 2.3: Schematic illustration of the electrochemical machining process 
(Kalpakjian, 1997) 
When the voltage is applied across the anode and cathode immersed in the electrolyte, 
a current passes through them because the electrolyte acts as a current carrier 
(Kalpakjian, 1997). The anode is dissolved and the shape of workpiece is 
approximately the negative image of the tool (Bhattacharyya et al., 2004).  
The mechanism of micro-ECM is also similar to ECM. However, the dissolution zone 
must be localized in micro-ECM to assure the dimensional accuracy (Masuzawa, 
2000). As a result, it requires some modifications such as using smaller electrode size, 
applying ultra short voltage pulses, lower current and voltage (Schuster et al., 2000; 
Bhattacharyya et al., 2004). In general, micro-ECM can be categorized into four main 
types (Rajurkar et al., 2006):  
 Micro-ECM drilling (Kim et al., 2005a) 






 Micro-ECM milling (Kim et al., 2005b) 
 Die-sinking micro-ECM   
2.4 Advantages and disadvantages of micro-EDM versus micro-ECM 
Table 2.2 summaries the advantages and disadvantages of micro-EDM against micro-
ECM. These characteristics mainly stem from the material removal mechanism of each 
process. During machining by micro-EDM, material is removed by vaporization and 
melting. As a result, the machined surface is made up with thermally-damaged layers 
consisting of the white layer and the heat-affected zones (Pandey and Jilani, 1986; Lee 
et al., 1990; Ekmekci et al., 2009). Micro-cracks and residual stresses are also 
observed in these distinctive layers (Kruth et al., 1995; Guu et al., 2003; Bleys et al., 
2006; Ekmekci, 2009). Consequently, the fatigue strength of the product is highly 
reduced. Besides, after each discharge, a small amount of material is removed forming 
a crater on the surface. The generated surface is thus covered by a multitude of 
overlapping discharged craters (Lee et al., 2003; Ekmekci et al., 2005; Kurnia et al., 
2009). Therefore, the surface machined by EDM usually has high surface roughness 
due to its asperity. The topography and roughness of machined surface is mainly 
constituted by the crater size which is dependent on the discharge energy (Yu et al., 
2003). On the other hand, the material is removed not only from the workpiece but also 
from the electrode, which has been known as electrode wear (Mohri et al., 1995; Tsai 
and Masuzawa, 2004). This influences the machining shape and accuracy, especially in 
micro-EDM drilling and milling. However, MRR of micro-EDM is considerably 
higher and its accuracy could be controlled better than micro-ECM (Rajurkar et al., 






Table 2.2 Comparison of micro-EDM and micro-ECM 
 Micro-EDM Micro-ECM 
Advantages Higher accuracy 
Higher MRR 
No tool wear 
No heat affected zone 
Good surface finish 
Disadvantages Tool wear 
Thermally-damaged layers 




In micro-ECM, the material is removed based on the dissolution of metal from the 
anode. As a result, the dissolution rate of electrochemical reaction is relatively low. 
Furthermore, ultra short pulse and low voltage, current must be used in micro-ECM to 
improve the accuracy by reducing the inter-electrode gap (Schuster et al., 2000; 
Bhattacharyya et al., 2004; Kozak et al., 2004). Hence, the MRR of micro-ECM 
process is considerably lower than micro-EDM. Although the throwing power is small, 
the dissolution could occur in an area larger than the facing zone of the electrode 
(Masuzawa, 2000). The material is unanticipatedly removed from workpiece, leading 
to the distortion of machined shapes. Therefore, accuracy is an obstacle in micro-ECM.  
However, micro-ECM has some valuable advantages. Because the material is removed 
by electrochemical reaction, the surface generated by micro-ECM is very smooth 
(Masuzawa et al., 1994; Masuzawa, 2000; Rajurkar et al., 2006). Due to the nature of 
ionic dissolution, there is no thermally affected layer made up on machined surface. As 
a result, it is stress-free and there is no burr as well as micro-crack. In addition, during 
the process, only gas evolution occurs at the cathode surface. Consequently, there is no 






2.5 Enhancement of micro-EDM performance 
2.5.1 Sequential micro-EDM and micro-ECM 
Surfaces generated by micro-EDM incur poor surface integrity due to the overlapping 
of numerous discharge craters and the formation of distinct thermally-damaged zones. 
These inherent characteristics stem from the nature of material removal by electric 
sparks.  Therefore, there have been many attempts to enhance the integrity of EDMed 
surfaces in recent years. One of the approach directions is using EDM and ECM as 
sequential machining processes. The primary aims of these studies are to lower the 
surface roughness induced by overlapping discharge craters and to remove the 
thermally-damaged zones created during EDM process.  
 
Figure 2.4: Principle of the Mate-Electrode Method (Masuzawa and Sakai, 1987) 
The pioneering work was carried out to perform the finishing of WEDM products by 
using ECM (Masuzawa and Sakai, 1987). The remaining part of wire-cut process was 






NaNO3 electrolyte was controlled to flow through the gap created by WEDM step. 
Within a few seconds, the maximum surface roughness Rmax was dramatically reduced 
from over 20m to 2-4m only. The samples were made from SKD11, SKD61, 
SUS304 and brass. A similar method was also used to smooth the surface made from 
tungsten carbide (Masuzawa and Kimura, 1991). Smooth surface was obtained without 
the heat-affected zones or cracks. A specially designed pulse train was applied to 
uniformly dissolve tungsten carbide. However, it requires the proper selection of 
electrode material to prevent the dissolution from electrode during reverse voltage 
pulse. In addition, different electrolytes for finishing EDMed surface by ECM have 
also been investigated (Ramasawmy and Blunt, 2002). Acidic medium is found to have 
better smoothing and polishing effects on the surface topography. For environmental 
aspect, sodium nitrate also yields good polishing rate but the current density must be 
identified. 
For micro-application, the product size is small. Therefore, low-conductivity 
electrolyte is required to localize the dissolution during micro-ECM step 
(Bhattacharyya et al., 2004). To enhance the surface finish of micro-pins used for 
micro-nozzles fabrication, deionized water with 0.6M.cm specific resistivity has 
been used as a weak electrolyte in a new wire electrochemical grinding process 
(Masuzawa et al., 1994; Bhattacharyya et al., 2004). The set-up used is similar to wire 
electro-discharge grinding but the electric discharge is simply replaced by the 
electrochemical reaction (Masuzawa et al., 1985). By applying the voltage of 40V, 
which is higher than that of normal electrochemical machining, and using low feed 
speed and large depth of cut, the mirror-like surface was obtained. Other attempts also 






ECM step. Deionized water owning 5104.cm resistivity was used as both the 
dielectric and the electrolyte for machining micro-holes (Campana and Miyazawa, 
1999). After EDM, micro-holes were machined by ECM for a fixed period of time. 
The average surface roughness Ra decreased from 0.6m to less than 0.05m after 60s 
machining time. The optimum duration for ECM was found to be between 40s and 
60s. For higher ECM time, the machining shapes were severely distorted due to the 
excessive material removal. A similar attempt was also performed for through micro-
holes but with higher resistivity of deionized water, 2M.cm, to prevent the distortion 
of micro-hole (Chung et al., 2009). After 6mins machining time, the surface roughness 
was significantly reduced from 0.225m to 0.066m Ra. It is reported that the usage of 
deionized water with resistivity as low as 0.1M.cm could lead to the distortion at the 
entrance and exit of micro-holes due to excessive dissolution, notwithstanding that its 
middle area is still covered with discharge craters. Micro-holes on high nickel alloys 
machined by micro-EDM were also smoothed by electro-polishing process (Hung et 
al., 2006). Electrolyte solution with 85% H3PO4 was used in electro-polishing step. In 
view of the high conductivity of electrolyte, only low voltage was applied, from 1 to 
5V. After 5mins machining time at the electrolytic voltage of 2V, taper and burrs were 
reduced and the surface roughness dropped from 2.11m to 0.69m Rmax. Recently, 
dilute electrolyte has also been used in sequential micro-ECM step to enhance the 
surface finish of some 3D micro-shapes. The surface roughness of hemisphere is found 
to be reduced from 0.08 m Ra to about 0.03m Ra after performing micro-ECM using 
0.1M H2SO4 electrolyte (Jeon et al., 2006). Similarly, the surface finish of several 3D 
metallic micro-structures has also been improved from 0.707 to 0.143m Ra by using 






2.5.2 Sequential micro-EDM and micro-ECM/lapping 
With a view to further enhancing the integrity of surface generated by micro-EDM, 
hybrid micro-ECM/lapping has been also used during finishing step. The main 
objective of these attempts is to associate the dissolution effect of electrochemical 
reaction and the polishing effect of abrasive grains. One of the earliest researches is 
reported by Takahata (Takahata et al., 1996). Fine abrasive grains Al2O3 were mixed 
with colloidal aqueous electrolyte. During machining, beside the metal dissolution by 
electrochemical reaction, the movement of abrasive grains impacted by rotating 
electrode increases the efficiency of mechanical polishing, as illustrated in Figure 2.5. 
The mirror-like surface with 32nm Rmax was obtained after 120s machining time.  
  
Figure 2.5: Diagram of machining part around the electrode with Al2O3 lump 
(Takahata et al., 1996) 
Another attempt using similar approach was made to obtain a smoother surface of 
harden steel after micro-EDM (Kurita and Hattori, 2006). The abrasive grains Al2O3 
were also used but with different grain sizes from 2 to 13m. Surface with 0.06m Ra 
was obtained after ECM/lapping process. It is reported that the surface roughness after 
ECM/lapping was lower than that after ECM or polishing alone. Besides, the surface 






reported (Masuzawa et al., 2005). However, the smoothing of micro-pin surface is 
merely based on the lapping effect of slurry containing diamond powder (2-4m). The 
obtained surface of micro-pin was found to be around 18nm Ra. 
2.5.3 Micro-EDM using deionized water 
Deionized water is an alternative dielectric fluid to hydrocarbon oil for EDM process 
(Mohd Abbas et al., 2007). It is an eco-friendly substance that could provide better and 
safer environment when working with EDM since it does not release harmful gases 
such as CO or CH4. Especially, the salient characteristic that makes deionized water 
superior to hydrocarbon oil is that it yields higher MRR and lower electrode wear.  
The earliest attempt to use distilled water in EDM carbon steel was performed by 
Jeswani (Jeswani, 1981). Under the same machining conditions and in high pulse 
energy (72-288mJ), EDM using distilled water results in higher MRR and lower 
electrode wear compared to kerosene. It is also reported that the surface finish is better 
but the machining accuracy is poor. Then, performance of different water qualities in 
EDM was also investigated (Jilani and Pandey, 1984). Tap water (0.25104.cm 
resistivity), distill water (0.32105.cm resistivity) and a mixture of them with 25%-
75% ratio were used. It was observed that tap water yielded the best machining rate. It 
also showed the possibility of zero electrode wear when copper electrode with negative 
polarity was used in EDM with water. It is also reported that the erosion in water has 
higher thermal stability and thus higher power could be input in the discharge (Konig 
and Siebers, 1993). Accordingly, the MRR when water is used as dielectric fluid could 






In addition, the comparison of EDM titanium alloy Ti-6Al-4V in kerosene and distilled 
water was also performed (Chen et al., 1999). MRR was also found to be higher and 
tool wear is also observed to be lower when distilled water was used as dielectric fluid. 
A similar observation is also obtained when machining micro-slits on titanium alloys. 
(Lin et al., 2007). It is found that when water is used as dielectric fluid, a thin layer of 
TiO is generated on the machined surface. On the contrary, a thick TiC layer is formed 
when kerosene was used. The melting point of TiC is 3,150C which is much higher 
than that of TiO, 1,750C. For that reason, the TiC needs higher energy density to be 
removed and thus the MRR when kerosene is used is much lower. It is also reported 
that the debris size in distilled water is greater but the impulsive force of discharge is 
smaller and more stable than in oil medium (Chen et al., 1999)  
Deionized water has also been attempted to be used for micro-EDM. The 0.1mm 
micro-holes with high aspect ratio were fabricated on S45C carbon steel (Kagaya et al., 
1986). It was found that using purified water also resulted in higher MRR and lower 
tool wear. Later, a horizontal micro-EDM set-up was carried out to improve the 
flushing effect of dielectric fluid with the aim to drill deep micro-holes (Masuzawa et 
al., 1989). Micro-holes obtained have the aspect ratio as high as 10. However, in those 
studies, high-resistivity deionized water (106-107.cm) must be used to sufficiently 
suppress the electrochemical reaction. It was also mentioned that the reliability and the 
repetition rate of discharge in deionized water are better than oil. Recently, water has 
also been used in micro-EDM milling (Chung et al., 2007). High resistivity deionized 
water (12M.cm) was also used to prevent the distortion of machining shape due to 






electrode wear is also obtained. The MRR is found to be higher and tool wear is 
observed to be lower when machining in deionized water. 
    
(a)       (b) 
Figure 2.6: Micro-column fabricated by micro-EDM milling using deionized water 
with different resistivity: (a) 0.1Mcm and (b) 12Mcm (Chung et al., 2007) 
Although deionized water is capable of yielding higher MRR and lower electrode 
wear, the stray material dissolution during machining deteriorate the dimensional 
accuracy of machined shapes, as can be seen in Figure 2.6 (Masuzawa et al., 1989; 
Chung et al., 2007). Hence, it has been considered as the main drawback of micro-
EDM using deionized water. Consequently, many attempts have been made to mitigate 
the excessive dissolution caused by electrolysis in deionized water during machining. 
Anti-electrolysis power supplies were developed to reduce the dissolution of 
workpiece material (Yamada et al., 1993; Ukai and Satou, 2004; Yan and Lai, 2007). 
In general, these power supplies applied AC voltage instead of DC voltage. The 
polarity of electrode and workpiece was permuted continuously after each pulse to 
reverse electrochemical reaction. As a result, it was reported that the metal dissolution 
was reduced. However, electrode wear was also found to be very high because the 
polarity of electrode was positive for half of the machining time. For that reason, 






continuously supplied during machining process (Kunieda et al., 2005; Song et al., 
2009).  
Micro-EDM of tungsten carbide was also performed in deionized water (Masaki and 
Kuriyagawa, 2009; Song et al., 2009; Song et al., 2010). It was reported that there is 
severe dissolution of cobalt binder from tungsten carbide notwithstanding that the 
resistivity of deionized water used was in 1.6-1.8M.cm range. In order to eliminate 
this problem, bipolar pulse combined with a modified-shape electrode has been 
attempted for micro-EDM drilling using deionized water (Song et al., 2009). It was 
found that the electrolytic corrosion is less when 125 kHz bipolar pulse with duty 
factor of 25% and the negative voltage of -20V was used. However, the electrolysis 
was not completely suppressed. Therefore, electrode with circular cross-section was 
modified to be rectangular, square and triangular cross-section. In combination with 
bipolar pulses, the triangular cross-section electrode was observed to be most effective 
among the different electrode shapes in suppressing the electrolytic corrosion. This is 
due to the fact that it has least side area compared to the others. On the other hand, 
because the side area of this electrode type is very small, the MRR is also too low and 
the electrode wear is violent in micro-EDM milling, resulting in the deformation of 
machining shapes. In addition, the triangular-section electrode takes long time to be 
fabricated. For that reason, deionized water spray and bipolar pulse combination have 
been applied for micro-EDM drilling and milling of tungsten carbide (Song et al., 
2010; Song et al., 2012). In these studies, deionized water and compressed air are 
mixed together in form of the mist. It was then used as the dielectric medium to 
prevent the corrosion. Some water drops go into the narrow machining gap whist the 





illustrated in Figure 2.7. As a result, it breaks the continuous electrical connection 
between the electrode and the surface of workpiece adjacent to the machined hole. 
Recently, it is also reported that by using high frequency bipolar pulses, micro-holes 
without electrolytic corrosion could be also obtained (Chung et al., 2011). 
 
Figure 2.7: Schematic diagram of spray ED-milling (Song et al., 2010) 
2.6 Tool path generation for fabrication of complex 3D micro-shapes 
For fabricating the intricate 3D shapes by conventional EDM die-sinking, a series of 
different electrodes needs to be prepared and repeatedly aligned on the machine 
spindle due to electrode wear issue (Lauwers and Kruth, 1994; Ding et al., 2002). 
However, when the electrode size falls within micro-scale, continuous substitution and 
alignment of tiny electrode seem to be problematic and impractical. To this end, 
contour micro-EDM milling has been proposed as a potential method to fabricate 
intricate 3D shapes for micro-mold and die (Konno et al., 1984; Tsuchiya et al., 1984; 
Pham et al., 2004). In this technique, an electrode in simple form moves along the 
preset tool path to remove material like conventional milling. Nevertheless, the 
removal mechanism is still based on the discharges, not the shearing of material. 






electrode wear still occurs. This inherent characteristic changes the electrode shape 
during machining, affecting the dimensional accuracy and the final form of fabricated 
workpiece.  
It has been reported that the electrode wear is composed of two factors which are the 
corner wear and the bottom wear (Tsai and Masuzawa, 2004). The bottom wear 
reduces the length of the electrode whereas the corner wear changes its original shape. 
For micro-EDM drilling, by setting the drilled depth much higher than the actual 
thickness of workpiece, the electrode wear could be effectively compensated. 
However, in micro-EDM milling, the electrode wear must be resolved in different 
ways. When machining simple shapes such as micro-channels or micro-slots of which 
the cross-sections are identical, the electrode wear issue could be simply overcome by 
re-machining the same slot using fresh electrode for a few times (Karthikeyan et al., 
2011). However, this approach seems to be inefficient for fabricating intricate 3D 
micro-shapes. In this scenario, uniform wear method, a prominent idea, has been 
proposed as an effective resolution for micro-EDM milling of complex 3D micro-
shapes (Yu et al., 1998; Narasimhan et al., 2005). The primary objective of this method 
is to maintain the original shape of electrode. By removing the material layer-by-layer 
and conforming to some motion rules, the machining is merely performed by the 
bottom surface of the electrode. As a result, the original electrode shape is kept 
unchanged during machining. Accordingly, the electrode wear is essentially lengthwise 
wear and thereby could be fully compensated in the longitudinal direction. 
When machining simple features like micro-slots, micro-channels or simple 2D 
extruded micro-shapes, the CNC machining code could be realized by a machine 






surface, inclined plane or sculptural shape, it is impractical to manually program the 
tool electrode motion. It requires the application of CAM software to automatically 
generate the motion pattern for electrode. Although many commercial CAM systems 
have been widely used in manufacturing industry for conventional milling process, 
such CAM module could not be directly applied for micro-EDM milling due to the 
lack of electrode wear compensation (Uriarte et al., 2006). Hence, there have been a 
few attempts to combine the uniform wear method with current CAM modules in situ 
to generate tool path for 3D micro-EDM milling (Rajurkar and Yu, 2000; Dimov et al., 
2003). An online electrode wear measurement method is also proposed to incorporate 
with self-developed CAD/CAM system (Zhao et al., 2004). By contacting a standard 
block after machining each layer, the system reads the new position of tool electrode 
tip thereby the tool electrode wear could be calculated.  
2.7 Concluding remarks 
In the light of the previous studies reviewed thus far, the following conclusions could 
be drawn: 
 The major drawback of micro-EDM is the poor integrity of machined surface. 
Sequential micro-EDM and micro-ECM could help to improve the surface 
finish of machined micro-shapes. However, due to the fact that it requires 
change of machine set-up or machining fluid, this approach has practical 
limitations. 
 Deionized water is superior to hydrocarbon oil for micro-EDM in certain 
aspects such as higher MRR, lower electrode wear and more environmentally 






disadvantages and it has been considered as the main drawback of micro-EDM 
using deionized water. For that reason, most of the attempts aim to entirely 
suppress this excessive material dissolution. 
 Deionized water has also been used as weak electrolyte for sequential micro-
ECM process. Notwithstanding the fact that surface finish has been observed to 
be improved, the machined shapes could be distorted due to the uncontrolled 
material dissolution. This problem is especially more severe when low-
resistivity deionized water is used since it causes deterioration in the 
dimensional accuracy of obtained micro-shapes. 
 Uniform wear method has been found to be effective for micro-EDM milling of 
3D complex micro-shapes. However, the dedicated CAM module has not been 
available and the dimensional accuracy of obtained micro-shapes has not been 
properly studied. 





Chapter 3  Methodology and Experiment Equipment 
 
3.1 Introduction 
This chapter presents the methodology and the experiment equipment used in the 
project. Firstly, the approach directions of this study are briefly described. Secondly, 
the machine tool and equipment for carrying out the experiments are introduced. Then, 
specific preparation procedures to ensure the reliability of experimental results are 
depicted. Lastly, the details of equipment used for observations and measurements are 
presented. 
3.2 Approach directions 
For combining micro-EDM and micro-ECM in a unique machining process, the issue 
of a suitable machining fluid used must be resolved. In micro-EDM, the fluid 
employed is dielectric which is non-conductive whereas micro-ECM uses conductive 
electrolyte. Therefore, the fluid used must not only provide the dielectric strength for 
sparks but also sufficient conductivity for electrochemical reaction.  
The first approach direction of this study is to use low-resistivity deionized water as bi-
characteristic fluid to facilitate both electric discharge and electrochemical reaction 
during the same machining process. Deionized water is an aqueous solution that has a 
resistivity ranging widely from 0.1 to 10Mcm based on its purity (Van London – 
pHoenix). This study exploits the deionized water in the low-resistivity zone, from 0.1 
to 0.5Mcm. Within this range, the water is considered to be partially deionized; thus, 
there still exists a small amount of ions in the solution which is represented by the total 





dissolved solids value (HM Digital).  TDS is the total amount of ions in a given 
volume of water expressed in unit of milligrams-per-liter or parts-per-million (ppm) 
and could be approximately determined as following:  
TDS (ppm) = Conductivity (S/cm)  Conversion Factor  
where  
Conductivity (S/cm) = 1 / Resistivity (Mcm) 
Although the ions amount in such low-resistivity zone is rather small, it still induces 
the slight conductivity of deionized water. In addition, the voltage applied in this 
method is up to several tens of volts which are much higher than the normal voltage 
used for ordinary electrolyte of only a few volts. Hence, this helps to increase the 
current density in deionized water. Therefore, the low-resistivity deionized water could 
act as a weak current carrier during electrochemical reaction. In brief, owing to its 
considerable dielectric strength, the low-resistivity deionized water can be used for 
micro-EDM because the sparks can occur. On the other hand, its slight conductivity 
enables weak electrochemical reaction during machining.  
However, it has been reported that the use of conventional RC-type pulse generator is 
not suitable for micro-EDM in deionized water due to excessive material removal, 
especially in deionized water with low resistivity (Campana and Miyazawa, 1999; 
Chung et al., 2007; Song et al., 2009). It can lead to the distortion of machining shape, 
resulting in poor dimensional accuracy. Hence, short voltage pulses, the second 
approach direction, are used in this study to localize the material dissolution and thus 
enhance the dimensional accuracy. Figure 3.1 shows the model of electrochemical cell 




in terms of circuit elements (Schuster et al., 2000). When a voltage is applied across 
two electrodes immersed in deionized water, electrochemical reaction occurs because 
deionized water acts as a weak electrolyte. A double layer is formed at the interface of 
the electrodes and the electrolyte. It was reported that this electrode-solution interface 
behaves as a two parallel plate capacitor; thus, this interfacial region could be modeled 
as a capacitor (as shown in Figure 3.1). After the voltage has been applied, this double 
layer capacitor is charged. The charging time is the product of the resistance of 
electrolyte and the capacitance of double layer:  
DLgDLsol CdCR ... 
   (3.1) 
where Rsol is resistance of the electrolyte. It depends on the path of the current and can 
be determined by multiplying the gap distance between anode and cathode (dg) and the 
specific resistance of electrolyte (). CDL is the capacitance of double layer.  
 
Figure 3.1: Model of electrochemical cell in terms of circuit elements  
This double layer capacitor is only considerably charged if the pulse duration (ton) 
exceeds this charging time constant (ton>
). On the other hand, the electrochemical 
reaction rate is exponentially dependent on the polarization of this double layer 
capacitor (Schuster et al., 2000; Bard and Faulkner, 2001). Hence, the electrochemical 











capacitor. By giving short voltage pulses, the electrochemical reaction only occurs 
within a restricted area. As shown in Figure 3.1, the double layer capacitor at the 
bottom of electrode is charged faster than its side. This is due to the different charging 
time constant caused by various gap distances. The area facing the bottom of electrode 
has lower resistance (Rshort<Rlong) so the double layer is polarized earlier and the 
electrochemical reaction rate is thus higher. By supplying adequately short voltage 
pulse (tlong>
>tshort), the double layer is highly polarized at the bottom of the electrode 
while it is only weakly polarized at its side surface. As a result, the electrochemical 
reaction could be localized within a small gap distance.  
3.3 Experimental apparatus 
The experimental works in this study were performed on the apparatus illustrated in 
Figure 3.2. 
 
Figure 3.2: Schematic diagram of experimental set-up 
3.3.1 Machine tool 
The machine tool used is the integrated multi-process miniature machine tool specially 















2010). This machine tool can perform multiple machining processes such as micro-
turning, micro-milling, micro-EDM and micro-ECM. The maximum axial travel length 
is 200 mm (X-axis)  100 mm (Y-axis)  100 mm (Z-axis). Its resolution is 0.1 μm 
and repeatability is 1 μm for all axes. 
 
Figure 3.3: Photograph of machine tool DT-110 
3.3.2 Dielectric fluid circulation system 
In this project, the machining fluid used is low-resistivity deionized water stored in a 
plastic tank. During machining, it was pumped from the storage tank, through a nozzle 
to machining area by the Advantec peristaltic pump AP-3300. To prevent the 
degradation of the deionized water, the fluid circulating system was carefully prepared 
so that there was no direct contact between dielectric fluid and metallic material, 
including the pump. Therefore, the peristaltic pump was used in this experiment. In 
this pump type, the fluid does not touch any part of the pump. It only flows through a 
platinum-cured silicone hose which is specially used for chemical and medical 





applications. For monitoring the resistivity of the deionized water during the 
machining process, the Alpha RES-1000 resistivity meter supplied by Eutech 
Instruments is used. It is equipped with a titanium electrode (cell constant K=0.01) 
specially used for pure water sensing application (Thermo-Fisher-Scientific, 2009). 
3.3.3 Short voltage pulse generator 
The pulse generator plays a key role in micro-EDM as it provides the pulse energy for 
the electric spark to occur. There are two main types of pulse generator in EDM, RC-
type and transistor-type (Kunieda et al., 2005). The transistor-type can handle large 
current; thus the material removal rate is much higher than the RC-type. Nevertheless, 
the transistor-type is typically not suitable for micro-EDM because it is usually not 
designed to give short pulse duration with constant pulse energy. As a consequence, 
the RC-type has been commonly used for micro-EDM. However, it was also reported 
that RC-type was not favorable for micro-EDM in deionized water due to excessive 
electrolysis caused by continuous voltage supply (Song et al., 2009).  
 
Figure 3.4: In-house developed short pulse generator 





Hence, a pulse generator that can generate very short voltage pulses (in nanosecond 
scale) and low energy discharge is needed in this project. Notwithstanding that most 
commercial pulse generators can give high frequency output up to tens of megahertz, 
the output voltage is limited to be around 15V and for 50 impedance only. Therefore, 
it cannot be utilized. In this scenario, a new short pulse generator has been designed 
and developed for this purpose, as shown in Figure 3.4. It employs high frequency 
switching MOSFET to control the pulses given to micro-EDM process. It is driven by 
the logic input signal from the Tabor WW2571 function generator. Figure 3.5 shows 
the sample of 400 ns duration pulses with 500 kHz repetition rate generated by this in-
house developed short pulse generator. The amplitude of voltage pulses can be 
controlled from 40V up to 120V. 
 
Figure 3.5: Sample of 500 kHz pulses with 400 ns duration 
3.4 Electrode preparation 
The handling and mounting of electrode on the machine spindle tend to incur  
clamping errors which result in the electrode eccentricity, especially when the 
electrode size is less than few hundred microns (Pham et al., 2004). Hence, the 
eccentricity of electrode needs to be isolated from the experimental results to ensure 





the reliability of machining gap and dimensional data obtained. For this reason, in this 
study, the electrode is on-machine fabricated to eliminate this eccentricity. 
A new horizontal block-electro-discharge-grinding method is used to reduce the 
electrode diameter and thus eliminate the eccentricity induced by clamping error. As 
illustrated in Figure 3.6, a tungsten carbide block is used as a sacrificial electrode. 
After setting the contact point, the electrode is moved horizontally towards the 
sacrificial block for a certain distance. The sparks occur and the material is removed 
from the electrode, resulting in the reduction of its diameter. The procedure is repeated 
until the desired diameter of the electrode is obtained. This method is different from 
the reported studies in such a way that the feeding is given in the horizontal direction 
instead of the vertical direction (Asad et al., 2007; Jahan et al., 2010). During 
machining, the discharge occurs uniformly along the electrode surface. Accordingly, 
the taper of electrode stemming from secondary discharge is expected to be less. 
 
Figure 3.6: Horizontal block-electro-discharge-grinding 
For demonstrating the existence of the eccentricity induced by clamping error, Figure 
3.7(a) shows the microscopic image of the fabricated electrode taken by the camera 
integrated on the machine tool. It can be seen that the distances between the original 
surface and the newly-formed surface of electrode are different for the left and right 
sacrificial block 
electrode 





side. It substantiates that the central axis of electrode and machine spindle is not 
concentric. In addition, Figure 3.7(b) exhibits the image of sacrificial block after 
machining. For all of the four steps, the feeding depth is set to be identical 30 μm. For 
that reason, the width and depth of the wear mark should decrease from the first to the 
last step. This is found to be valid from the second step to the fourth step. However, 
the first wear mark is observed to be shallower and smaller compared to the mark of 
second step. This phenomenon probably stems from the eccentricity of the electrode 
and the spindle. This is another evidence showing the error which occurs during 





Figure 3.7: Images of the electrode (a) and the sacrificial block (b) after machined by 
horizontal BEDG 





3.5 Equipment for observations and measurements 
During machining, the voltage waveform was monitored by Agilent Oscilloscope 
model 54622. The SEM images of machined micro-holes and micro-shapes were 
captured by using the JEOL scanning electron microscope JSM-5500. Material 
composition of the workpiece was analyzed by Energy-dispersive X-ray spectroscopy 
system which is integrated in this SEM.  
For measuring the dimensions of the machined micro-holes, the VHX Keyence digital 
microscope VH-Z450 was utilized. The 3D views, profilographs and surface roughness 
of machined micro-shapes were collected using the PL Confocal Imaging Profiler 
and the non-contact optical profiler NANOVEA PS-50 equipped with confocal 
imaging sensor CHR-150. 









Deionized water tends to be more favorable for micro-EDM than hydrocarbon oil 
because it yields higher material removal rate and lower tool wear. In addition, it is 
also a low-cost and eco-friendly substance. However, there occurs a weak 
electrochemical reaction during machining due to its slight conductivity. This leads to 
the unanticipated material removal from the workpiece, affecting the final shape and 
dimensional accuracy. This chapter presents a method to suppress the electrochemical 
reaction in micro-EDM using deionized water by employing short voltage pulses, 
whereby the dimensional accuracy could be significantly improved. Experiments were 
carried out to fabricate micro-holes using the developed nanosecond pulse generator. 
Different pulse parameters were applied to identify the main factors influencing the 
effectiveness of electrochemical reaction suppression.  
4.2 Suppression of electrochemical reaction in deionized water 
Dissolution of metal during micro-EDM in deionized water mainly stems from its 
slight conductivity. When a voltage is applied across two electrodes, which are 
immersed in deionized water, electrochemical reaction occurs because the deionized 
water acts as a weak electrolyte. There is formation of a double layer at the interface of 
the electrode and the electrolyte. One layer is on the electrode side and the other is on 
the electrolyte. They are equal but opposite layer of charge. It has been observed that 





this electrode-solution interface behaves as a two parallel plate capacitor (Schuster et 
al., 2000; Bard and Faulkner, 2001). Thus, the interfacial region can be modeled as a 
capacitor (see Figure 4.1). After the voltage has been applied, this double layer 
capacitor is charged. The charging time is the product of the resistance of electrolyte 
and the capacitance of double layer: 
DLgDLsol CdCR ... 
   (4.1) 
where Rsol is the resistance of electrolyte. It depends on the path of the current and can 
be calculated by multiplying the gap distance between the anode and cathode (dg) and 
the specific resistance of electrolyte (). The CDL is the capacitance of double layer.  
 
Figure 4.1: Model of electrochemical cells in terms of circuit elements 
The electrode is only considerably charged if the pulse duration (ton) exceeds this 
charging time constant (ton>
). On the other hand, the electrochemical reaction rate is 
exponentially dependent on the polarization of the double layer (Schuster et al., 2000; 
Bard and Faulkner, 2001). Hence, the electrochemical reaction can be restricted by 
controlling the polarization of the double layer. By supplying very short voltage pulses 
(ton<<
), the double layer is only weakly polarized. As a result, the electrochemical 
reaction could be minimized to prevent the dissolution of metal from the workpiece 











4.3 Experimental details 
4.3.1 Electrode and workpiece preparation 
In micro-EDM, the electrode used has small dimension and is easily worn out, 
reducing machining accuracy. Therefore, a material with low tool wear ratio is usually 
employed. Due to its many advantages such as high melting point and high thermal 
conductivity, tungsten was chosen to be the material of electrode. In this experiment, 
the electrode used had a cylindrical form with diameter of 200μm. In order to 
investigate the metal dissolution process, the workpiece was made from tempered 
carbon steel which is highly susceptible to corrosion. It was cut to dimensions of 
10mm  40mm  0.1mm. The properties of the electrode and workpiece materials are 
given in Table 4.1. 
Table 4.1 Properties of the electrode and workpiece material 
 Electrode Workpiece 
Material composition   99.9% W C < 0.5% 
Fe rest 
Density (g/cm3)  19.3 7.85 
Melting point (oC)  3370 1540 
Thermal conductivity (W/mK) 173 54 
 
4.3.2 Machining conditions 
After the electrode and workpiece had been prepared and clamped on the machine tool, 
a series of experiments was performed with different parameters as shown in Table 
4.2. The SEM images of machined micro-holes were then compared with respect to the 
machining conditions to be analyzed afterwards.  





Table 4.2 Machining parameters  
Deionized water resistivity 0.23M.cm 
EDM oil Total EDM 3 
Voltage (V) 45 
Resistor () 220 
Capacitor (pF) 265 
Frequency (kHz) 0, 100, 200, 300, 400, 500 
Duty ratio (%) 15, 20, 30, 40, 50 
Tool rotation (rpm) 500 
 
The MRR was obtained by calculating from the removed volume and the machining 
time. The removed volume was defined by the frustum cone volume of micro-holes 
due to their taper. The taper angle of the micro-hole was calculated based on its 
relationship with the diameter and height of micro-hole. The machining gap was 
obtained as follows: machining gap = [(inlet diameter + outlet diameter)/2 - electrode 
diameter]/2. 
4.4 Effects of pulse parameters on quality of machined micro-holes 
4.4.1 Pulse frequency 
In micro-EDM using deionized water, the dissolution of metal from the workpiece 
surface deteriorates the quality of machined shape. Although the weight and volume 
loss is very little, the excessive unanticipated material removal can make the material 
more brittle, shortening the life of mechanical parts such as mould, and die. Hence, the 
profile and the material near the rim of micro-holes are investigated. Figure 4.2 shows 
the machined micro-holes using DC regime and short voltage pulses with frequency 
ranging from 100 kHz to 500 kHz. The duty ratio is fixed at 50% for all of these 
frequencies.  





(a) DC regime     (b) 100 kHz 
  
(c) 200 kHz     (d) 300 kHz 
  
(e) 400 kHz     (f) 500 kHz 
Figure 4.2: SEM images of micro-holes machined using DC regime (a) and voltage 
pulse (b-f) with same duty ratio (50%) but at different pulse frequencies 
Figure 4.2(a) shows the micro-hole machined using DC regime. It is observed that the 
material dissolution appeared around the rim. However, the material dissolution is not 
uniformly distributed but it leads to the formation of pits as can be seen in Figure 4.3. 
This indicates that the material is locally dissolved. It belongs to the pitting corrosion 
which is the localized dissolution of metal that leads to the formation of pits. The main 





reason causing this phenomenon is the variation in homogeneity of material. At micro-
scale, the heterogeneity of metal surface can be seen with the presence of various 
phases. In carbon steel microstructure, there exists different phases such as ferrite, 
pearlite, and austenite which were formed during annealing, hardening and tempering 
processes. Each phase has different electrode potential. The phase with lower potential 
will serve as the anode in the electrochemical reaction and will be dissolved first whilst 
the phase having higher potential remains leading to formation of pits. 
 
Figure 4.3: Pits formation as a result of metal dissolution from the workpiece surface 
Figure 4.2(b-f) show the machined micro-holes using voltage pulse with frequencies 
ranging from 100 kHz to 500 kHz respectively. From the experimental results, it can 
be observed that the metal dissolution has tendency to occur at one side of the rim. 
This is the result of using low pressure side flushing of deionized water. Due to the 
flow of dielectric fluid, deionized water is more stagnant in the zone behind the 
electrode. Accordingly, the contaminated water has longer time to contact with the 
workpiece surface. This leads to the dissolution of material from metal surface. 
Meanwhile, when DC regime is used, the pits are formed not only one side but also 
along the rim of micro-hole, as seen in Figure 4.2(a). This shows that the dissolution of 





metal is severe when continuous voltage is supplied. It can make the electrochemical 
reaction occur not only in the stagnant zone but also in fresh deionized water flow. 
Hence, DC regime is not suitable for micro-EDM using deionized water.  
As can be seen in Figure 4.2, using voltage pulses can improve the surface quality 
because the corrosion was less. This is shown with the reduction in pits formation 
around the rim. Moreover, the affected area becomes smaller when higher frequency 
pulse is used. With the same duty ratio, this means that the pulse-on time is reduced. 
As a result, the dissolution period after double layer had been fully charged is 
shortened. However, the experimental results indicate that there still exists the 
unanticipated dissolution of material from workpiece.  
4.4.2 Pulse-on time 
 
Figure 4.4: Schematic illustration of voltage pulse terms 
As illustrated in Figure 4.4, pulse-on time is the time duration that the voltage is 
supplied during one pulse period. Normally, pulse-on time is the product of duty ratio 
and pulse period. In this study, the suppression of electrochemical reaction is based on 
the double layer mechanism stated above. The primary aim of the work presented in 
Pulse-on time (ton) 
time 
Pulse period (tp) 
Pulse-off time (toff) 




this chapter is to reduce the pulse-on time to a critical value where the double layer is 
weakly charged. Therefore, experiments are carried out at the same 300 kHz frequency 
with different pulse-on time: 1.6μs, 1.3μs, 1μs, 500ns and 300ns. 
    
(a) 500ns, 300 kHz    (b) 300ns, 300 kHz 
 
(c) 300ns, 500 kHz 
Figure 4.5: SEM images of micro-holes machined using different pulse on-time and 
pulse frequencies 
Figure 4.5(a) and Figure 4.5(b) show the machined micro-holes in case of 500ns and 
300ns pulse-on time respectively. Figure 4.2(d) is micro-holes machined at 1.6μs. As 
can be seen in these figures, material dissolution from the workpiece surface is 
observed to be reduced when the pulse-on time decreases. When the pulse-on time 
decreases from 1.6μs to 500ns, the number of pits along the rim of micro-hole is 
significantly reduced. Especially, when pulse-on time is reduced to 300ns only, the rim 





is found to be free of pits as Figure 4.5(b). This is an indication of significant reduction 
in electrochemical reaction rate. 
Figure 4.5(c) shows the micro-hole machined with 300ns pulse-on time but at a higher 
frequency, 500 kHz. It is also observed that the rim of micro-hole is free from pits 
which are caused by material dissolution. This confirms that pulse-on time is the main 
factor for suppression of electrochemical reaction that occurs during micro-EDM in 
deionized water. In this experimental set-up, 300ns pulse-on time is found to be the 
critical value that electrochemical reaction is successfully suppressed. This can be 
explained by using the double layer model presented above. When the voltage pulse is 
applied, the double layer starts charging. However, 300ns pulse-on time is too short so 
the double layer is only weakly polarized. As a result, the electrochemical reaction is 
mostly suppressed. 
4.5 Effects of pulse parameters on MRR, taper angle and machining 
gap 
4.5.1 Material removal rate 
MRR is an important parameter showing the efficiency of machining process. It is 
mainly affected by the energy of each discharge. Besides, it is also dependent on the 
dielectric used. Figure 4.6 shows the MRR of machining the micro-holes at 
frequencies ranging from 100 kHz to 500 kHz with identical duty ratio of 50%. Micro-
holes are also fabricated using DC regime in both EDM oil and deionized water. 






Figure 4.6: Variation of MRR corresponding to the dielectric fluid used and pulse 
parameters applied (50% duty ratio for all of frequencies used) 
It is observed that micro-EDM in deionized water yielded much higher MRR than in 
EDM oil. With the same machining condition in this experimental setup, MRR of 
deionized water is more than twenty times higher than that of EDM oil. This is caused 
by many factors. Firstly, it is the result of variation in dielectric strength between 
deionized water and EDM oil. The resistivity of deionized water used in this study is 
0.23M.cm which is much smaller than EDM oil, around 18M.cm. This means that 
dielectric strength of deionized water is much lower than EDM oil. Consequently, 
there is easier breakdown of deionized water. The discharge happens more frequently 
and material is removed faster, as a result. This can be seen by monitoring the voltage 
waveform during machining process. Figure 4.7(a) and Figure 4.7(b) show the 
discharging voltage tracked by oscilloscope when deionized water and EDM oil are 
used respectively. It can be observed that when EDM oil is used, the voltage is mostly 
stable at high level and there is less discharge. In contrast, discharge is found to happen 
more frequently in Figure 4.7(a) when deionized water is used. Secondly, when 
deionized water is used as dielectric fluid, the debris formation is reported to be less 
because there is no carbon decomposed from dielectric fluid (Rajurkar et al., 2006). 
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the electrode and the micro-holes by suction. During this time, it could be stuck on the 
electrode or micro-holes surface. Subsequently, it may cause secondary discharge or 
short-circuit leading to slow down in the machining speed. Therefore, less debris 
formation also contributes in the improvement of material removal rate in deionized 
water. Thirdly, during the discharge, high temperature is created in the plasma column. 
It disassociates water into hydrogen and oxygen. With the existence of oxygen and 
very high temperature in discharge channel, the oxidation is violently accelerated. 
Chemical reaction between the oxygen and workpiece material made the discharge 
crater bigger and increased material removal rate. As a result, the oxygen would appear 
in the composition of machined surface in the form of oxide. This is consistent with 
experimental results since there is an amount of 11.36% oxygen element in the EDX 
spectrum of machined surface which will be discussed later.  
  
(a) Deionized water, DC regime   (b) EDM oil, DC regime 
 
(c) Deionized water, 300 kHz, 50% duty ratio 
Figure 4.7: Voltage waveform captured during machining process with different 
dielectric fluid and voltage regimes applied 





In Figure 4.6, it is also observed that the material removal rate is reduced when voltage 
pulse is applied instead of DC regime. During the pulse off-time, there is no voltage 
supplied. Therefore, there is no discharge although the gap is appropriate for the 
sparks. Figure 4.7(c) exhibits the voltage waveform captured during machining process 
using 300 kHz, 50% duty ratio pulse. The discharges have happened until the voltage 
is cut off. After the off-time period, the discharge continues provided that the critical 
gap is still met. That is the reason why when voltage pulses are used, the MRR is 
reduced. Furthermore, when changing from DC regime to 100 kHz with 50% duty 
ratio, the MRR decreases more than a half. When the frequency is gradually increased 
from 100 kHz to 500 kHz, the trend is slight reduction in the MRR notwithstanding 
that the duty ratio for all frequencies is identical, 50%. This can be explained by 
analyzing pulse characteristic. With the same period of time and the same duty ratio, 
the number of pulses will increase when a higher frequency is used. However, each 
pulse always associates with the rise time and fall time. These are the periods of time 
that the voltage goes up from zero level to high level and goes down from high level to 
zero level respectively. Therefore, the quantity of pulses increased is also the number 
of rise and fall times required. This reduces the total pulse-on time at the maximum 
voltage and can cause early discharge at low voltage when the voltage is rising or 
falling. As a result, MRR is reduced at higher frequency with the same duty ratio. 
Figure 4.8 shows the MRR when 300 kHz voltage pulse is used with various duty 
ratios from 50% to 15%. It is also observed that the decrease of duty ratio (or reduction 
of pulse-on time) would lead to the reduction of MRR. This is obviously due to the fact 
that the voltage is supplied in a shorter period of time for discharging. Although it has 





been shown above that the short voltage pulse is advantageous for electrolysis 
suppression, the price to pay for that is the reduction in MRR. 
 
Figure 4.8: Variation of MRR corresponding to different duty ratios applied at the 
same 300 kHz frequency 
4.5.2 Taper angle 
For micro-holes machined by micro-EDM, there is a small difference between the inlet 
and outlet diameter of micro-holes. The holes have the shape of frustum cone. Figure 
4.9 shows the taper angle of micro-holes machined using DC regime in EDM oil, 
deionized water and with different pulse parameters in deionized water.  
 
Figure 4.9: Variation of taper angle of micro-holes corresponding to the dielectric fluid 
used and pulse parameters applied (50% duty ratio for all of frequencies used) 
In deionized water, the taper angle is found to be very high when DC regime is used, 
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contributed by a few factors. It is firstly caused by the electrode wear during micro-
EDM. Due to the length wear and corner wear, the electrode shape is changed which 
affects the shape of micro-hole. On the other hand, when debris escapes from the 
machining zone through the annulus, it may cause the secondary discharges making 
the hole bigger in the upper zone (Kim et al., 2006). However, it has been reported that 
the tool wear and debris formation are less when deionized water is used. Instead, this 
phenomenon could be explained by the dissolution of material caused by the 
continuous voltage supply in deionized water. During the machining process, the 
electrode plunges deeper and deeper, thus the depth of the micro-hole is gradually 
increased. Therefore, the upper part of micro-holes that has just been machined has 
longer time to face the side surface of electrode. Under continuous voltage supply and 
in the fine gap, electrochemical reaction occurs rapidly. The dissolution of the material 
is proportional to the facing time. Thus, more material is dissolved from the upper 
zone of the micro-hole. Hence, the micro-hole is found to be more tapered in deionized 
water, even more than in EDM oil where the tool wear and debris formation are higher.  
This argument is also consistent with the experimental results. When voltage pulses are 
applied, the taper angle is significantly reduced from nearly 2.5o to less than 1.5o as 
can be seen in Figure 4.9. Notwithstanding that the electrochemical reaction still 
occurred, taper angle is even slightly smaller than micro-hole machined by EDM oil. 
This could be due to less tool wear and less secondary discharge when deionized water 
is used. Besides, the taper angle has the trend to slightly decrease when high frequency 
is used. This may come from the fact that the dissolution of material is reduced when 
pulse-on time decreases. It shows that when dissolution is restrained, the machining 
shape in deionized water will be better than in oil due to less tool wear and less debris. 





 4.5.3 Machining gap 
In micro-EDM drilling, the machining gap is the distance between the wall of micro-
hole and the surface of electrode. This gap is mainly constituted of two factors: the 
critical distance and the discharge depth (Kao et al., 2007). Firstly, the critical distance 
is the width that the dielectric fluid breaks down and the spark starts to occur. 
Secondly, the discharge depth is the depth of material removed by the discharges. 
However, in micro-EDM using low-resistivity deionized water, the machining gap is 
also contributed by the dissolution depth, the third factor. It is the material dissolution 
depth caused by electrochemical reaction in the fine gap. 
 
(a) At different pulse frequencies with same 50% duty ratio  
 
(b) With different duty ratios at same 300 kHz pulse frequency 












































Figure 4.10(a) shows the machining gap at different pulse frequencies with the same 
50% duty ratio. It can be observed that the machining gap has slight reduction trend 
when frequency is increased. A similar, but clearer, trend is seen when machining at 
the identical frequency of 300 kHz but with different duty ratios. As shown in Figure 
4.10(b), at 50% duty ratio, the machining gap is about 22 m. When the duty ratio is 
reduced to 15%, the gap is found to decrease to less than 20 m only. This reduction of 
machining gap could be explained by the diminution of dissolution depth. When 
shorter pulse duration is used, the electrochemical reaction rate decreases. As a result, 
the dissolved material in the fine gap is less leading to smaller dissolution depth. That 
is the reason why the machining gap decreases when shorter voltage pulse is applied. 
This is another indication that using short voltage pulse helps to reduce the 
electrochemical reaction rate. 
4.6 Composition of machined surfaces 
Figure 4.11 shows the composition of surfaces machined by micro-EDM using 
deionized water and hydrocarbon oil respectively. In the sample machined using 
deionized water, it is observed that there appeared oxygen element (11.36%) in the 
composition, as seen in Figure 4.11(a). In contrast, there is no trace of this element in 
the sample machined by EDM oil, as shown in Figure 4.11(b). This can be explained 
by the rapid oxidation of discharge crater under high temperature and existence of 
oxygen gas. In the discharge channel, very high temperature was created. Therefore, 
water is decomposed into hydrogen and oxygen. The combination of oxygen and high 
temperature will lead to violent oxidation of the metal surface. As a result, oxide is 





formed on the machined surface. This oxidation also contributes to higher material 





Figure 4.11: EDX spectrum showing the composition of surfaces machined by micro-
EDM using deionized water (a) and EDM oil (b) 
Besides, it can be seen that there is high amount of carbon element on the machined 
surfaces for both EDM oil and deionized water. This is due to the fact that the material 
structure of the recast layer is mostly formed by the dendritic structures of cementite 





(iron carbide Fe3C) (Bleys et al., 2006). This cementite phase is also the main reason 
causing the high hardness of recast layer. In addition, under high temperature of 
discharge column, debris is ejected from the workpiece material by melting and 
evaporation. Some debris particles may re-deposit on the surface of the workpiece and 
improve the carbon content on the surface. Especially, when hydrocarbon oil is used as 
dielectric fluid, it is also decomposed in discharge column. The machined surface can 
absorb the pyrolytic carbon to further increase the amount of dendritic cementite and 
thus the carbon content on the machined surface is higher.  
On the other hand, the debris is not only dislodged from the workpiece but also from 
the electrode. Particles from the debris are re-solidified on the surface of both electrode 
and workpiece. As a result, there is a migration of material from workpiece to 
electrode and vice versa. This is shown with a certain amount of electrode material 
(tungsten) on both machined surfaces. Especially, when hydrocarbon oil is used as 
dielectric fluid, carbon is decomposed from oil and it increases the debris formation. 
This means that more debris particles would be solidified on the surface and the 
amount of migration material would also be higher. This is in accordance with 
experimental results in Figure 4.11. The amount of tungsten (W) element on the 
sample machined by oil is 4.28% (see Figure 4.11(b)) which is much higher than the 
sample machined using deionized water, 1.81% (see Figure 4.11(a)). This is also 
consistent with the literature that the tool wear of micro-EDM in deionized water is 
less than in oil (Jeswani, 1981; Jilani and Pandey, 1984). Therefore, less amount of 
material is removed from electrode and migrated into the workpiece surface. 





4.7 Concluding remarks 
Micro-EDM in deionized water using short voltage pulses has been performed to 
suppress the electrochemical reaction during the machining process. Different pulse 
parameters have also been investigated with regard to their effects on machining 
quality and efficiency. The following conclusions can be drawn from this chapter: 
 Using DC regime for micro-EDM in deionized water is not suitable because the 
machined shape and surface are badly affected by severe material dissolution. 
 The electrochemical reaction in micro-EDM using deionized water could be 
reduced by using short voltage pulses. Among the parameters, pulse-on time is 
the main factor influencing the effectiveness of electrochemical reaction 
suppression. 
 When pulse-on time is under the critical value (300ns in this study), dissolution 
of material from workpiece could be effectively suppressed. The workpiece 
surface adjacent to the rim of micro-holes is found to be free of defect caused 
by electrochemical reaction and the machining gap is observed to be thinner. 
 MRR of micro-EDM in deionized water is much higher than in hydrocarbon 
oil. However, using high frequency and short duration pulse will reduce MRR. 
 The machined surface using deionized water is found to be less effected by 
material migration due to less debris formed during the micro-EDM process. 









As discussed in the literature review, micro-EDM operates in non-conductive dielectric 
fluid whereas micro-ECM employs conductive electrolyte. Because of two rather 
divergent requirements, micro-EDM and micro-ECM are usually used sequentially. 
This chapter presents a method to combine micro-EDM and micro-ECM in a unique 
hybrid machining process to achieve improved performance in both surface finish and 
machining accuracy by using low-resistivity deionized water, which exhibits both 
characteristics of a slightly conductive fluid and a dielectric fluid. The chapter starts 
with the analysis of material removal phenomenon in micro-EDM drilling using low-
resistivity deionized water. It is found that there is a change of material removal 
mechanism from mere micro-EDM to hybrid micro-EDM/ECM when feedrate is 
reduced. Arising from this observation, a new hybrid machining process, named as 
simultaneous micro-EDM and micro-ECM (SEDCM), is presented. Then, the key roles 
and the effects of three vital factors are also discussed. 
5.2 Analysis of material removal phenomenon in micro-EDM drilling 
using low-resistivity deionized water 
5.2.1 Machining conditions and procedures 
In order to analyze the material removal phenomenon in micro-EDM using low-
resistivity deionized water, a 500 m cylindrical tungsten electrode was used to 





perform the machining on stainless steel SUS 304. The material properties of electrode 
and workpiece are given in Table 5.1. 
Table 5.1 Properties of the electrode and workpiece material 
 Electrode Workpiece 
Material Tungsten SUS304 stainless steel 
Composition 99.9% W C = 0.08% 
Cr = 17.5-20% 
Ni = 8-11% 
Mn = 2% 
Fe rest 
Density (g/cm3)  19.3 8.0 
Melting point (oC)  3370 1400 
Thermal conductivity (W/mK) 173 16.2 
 
Prior to machining, the bottom surface of the electrode was smoothened to become 
flat. After setting the zero point between the electrode and workpiece, the machining 
was performed up to 10 m depth with different capacitors, voltages and feedrate as 
shown in Table 5.2. 
Table 5.2 Machining parameters to analyze the material removal mechanism 
Pulse generator RC-type 
Dielectric fluid Deionized water 0.2Mcm 
Voltage (V) 80, 100, 120 
Resistor () 470 
Capacitor (pF) Stray (7pF), 470, 1000, 4700 
Tool rotation (rpm) 500 
Feedrate (μm/s) from 0.2 μm/s to 5 μm/s 
 
5.2.2 Effects of feedrate on material removal mechanism 
In contrast to conventional machining processes such as turning and milling, feedrate 
is not continuous in micro-EDM. During machining, there can be direct contact 
between electrode and workpiece caused by bridging via the suspended debris particles 





or relatively high feedrate. When direct contact occurs to result in a short circuit, the 
gap control circuit sends the short-circuit signal to the controller which then retract the 
electrode to increase the spark gap. This is not preferable during machining because it 
can damage the electrode and the workpiece, especially in micro-EDM which involves 
very thin electrode and small workpiece. Hence, to analyze the material removal 
mechanism of micro-EDM in low-resistivity deionized water, the experiments were 
carried out with different feedrate ranging from 0.2 to 5μm/s. 
    
(a) 4700pF, 5μm/s  (b) 4700pF, 0.2μm/s 
    
(c) 1000pF, 5μm/s  (d) 1000pF, 0.2μm/s 
Figure 5.1: Surfaces machined at 120V with different feedrate and capacitors 
Figure 5.1 shows the SEM micrographs of generated surfaces using different 
capacitors at 5 and 0.2 μm/s feedrate. When the feedrate is 5μm/s, the machined 





surfaces are entirely covered with a multitude of overlapped discharge craters, as seen 
in Figure 5.1(a) and (c). This is the typical and specific texture of surfaces machined 
by micro-EDM because the material removal mechanism is mainly based on electric 
sparks. It is also observed that the craters size is different for each capacitor used, as 
shown in Figure 5.2 and summarized in Figure 5.3. The higher the capacitor value 
used, the bigger are the craters formed. It is found to be around 2.5 μm when using 
stray capacitance (7 pF). As 4700 pF capacitor is employed, the obtained craters size 
increases significantly to approximate 15 μm. This is due to the difference in discharge 
pulse energy. In RC-type pulse generator, the maximum energy of each discharge is 
determined by: Energy = (1/2) CU2 where C is the capacitor used and U is the voltage 
applied. The crater size is dependent on this discharge pulse energy (Yu et al., 2003). 
Hence, lower pulse energy will result in smaller craters which can be seen in  the crater 
size of around 15 μm for 4700 pF capacitor (34 μJ pulse energy) and approximately 
2.5 μm for stray capacitance (50 nJ pulse energy). 
Especially, when the feedrate is reduced, there appears a zone in which the discharge 
craters vanish from machined surface. As can be seen in Figure 5.1(b) and (d), when 
0.2 μm/s feedrate is used, the machined surfaces are constituted of two regions with 
different characteristics. The central region, namely crater zone, is still covered by 
discharge craters whereas the outer annulus area is found to be smooth and crater-free. 
This indicates that there is the dissolution of material from machined surface by 
electrochemical reaction when the feedrate is decreased. The texture of machined 
surface is mainly determined by material removal mechanism of the machining 
process. Hence, it reveals that there is a change of material removal mechanism from 





mere micro-EDM to hybrid micro-EDM/ECM when feedrate is reduced from 5 to 
0.2μm/s.  
    
(a) Stray (7pF)  (b) 470pF 
    
(c) 1000pF   (d) 4700pF 
Figure 5.2: Surface textures generated by micro-EDM at 120V, 5 μm/s feedrate with 
different capacitors 
 
Figure 5.3: Crater sizes vs. capacitors (pulse energies) used 
It is also interesting to observe that the dissolution of material gradually occurs from 
the outside towards the center of machining zone, not uniformly over the entire 
























As the discharge occurs, the temperature in the plasma channel is raised to a very high 
temperature (8000C - 12000C) (Ho and Newman, 2003). Therefore, it vaporizes and 
melts the material from the electrode and workpiece. Besides, deionized water is also 
disassociated into oxygen and hydrogen gasses. At the end of the discharge, these gas 
bubbles escape from the machining zone and fresh deionized water infiltrates into the 
fine gap. When the gas bubbles pass through the thin gap, the circuit for 
electrochemical reaction is in open-state and not completed within a small area. As a 
result, the electrochemical reaction cannot occur on that small area. The gasses in the 
centre of machining zone take longer time and are more difficult to escape compared 
to the outskirts. Hence, the outer machining zone will be dissolved first before 
progressing towards the center.  
From the experimental results, it is observed that when the feedrate is reduced, the 
crater-free zone gradually appears and narrows the crater zone. Figure 5.4 shows the 
change of crater zone diameter corresponding to different pulse energy and feedrate. 
When the applied feedrate is 5 and 3 μm/s, there is no appearance of the smooth 
annulus zone. The machined surfaces are fully covered with overlapped discharge 
craters. However, as the feedrate is further reduced, the diameter of crater zone starts 
to decrease. It is noted that with the same feedrate, the crater zone narrows faster when 
a smaller capacitor is used, as shown in Figure 5.4.  This can also be seen in Figure 
5.2(b) and (d). At the same 0.2 μm/s feedrate, the crater zone is 350 μm for 4700 pF 
capacitor while it is only around 200 μm for 1000 pF capacitance value. This is the 
result of different machining gaps caused by various discharge pulse energy. In micro-
EDM, the machining gap is mainly formed by two factors: critical distance and 
discharge depth (Kao et al., 2007). The critical distance is the gap width that the 





dielectric fluid breaks down and the spark starts to occur. The discharge depth is the 
depth of material removed by the discharges. With higher pulse energy released in the 
sparks, the discharge craters are bigger and the discharge depth is also larger. 
Accordingly, the machining gap is larger. On the other hand, in micro-ECM, the 
dissolution rate is determined by the current density. For an electrochemical cell, this 
current density is a function of the distance between anode and cathode. A longer 
distance between these two electrodes will increase the electrolyte resistance which is 
the product of distance length and the specific resistivity of electrolyte. As a 
consequence, the current density of electrochemical reaction is reduced. Hence, with 
higher pulse energy used, the initial gap for micro-ECM is larger and thus the material 
dissolution rate will be lower. Therefore, the efficiency of smoothing effect by micro-
ECM is less. This explains why the crater zone narrows slower when a higher 
capacitor (or higher pulse energy) is used. This implies that low discharge pulse energy 
will yield better surface finish.  
 
Figure 5.4: Variation of crater zone diameter corresponding to different feedrate and 
capacitors 
In order to confirm the above arguments, experiments were carried out using the 


























different voltages. At 120 V, the discharge craters persist on the machined surface. As 
the voltage is reduced to 100 V, there are a few crater-marks around the center of 
machined zone. The obtained surface is found to be very smooth and free of craters 
when 80 V was applied, as shown in Figure 5.5. This indicates that the material 
dissolution is widespread on the entire machined area. This is due to the lower 
machining gap attained at lower voltage (80 V) with the smaller capacitor (7 pF) used.  
 
Figure 5.5: Surface machined at 80 V, 0.2 m/s feedrate with stray capacitance (7 pF)  
5.2.3 Surface topography 
In order to quantitatively analyze the improvement of the machined surface under the 
change of material removal mechanism, the data of machined surfaces were collected 
within 100 μm  140 μm area using PLμ Confocal Imaging Profiler. Figure 5.6 shows 
the 3D views, microscopic images and profiles of the machined zone under different 
discharge energies and feedrate. At 3 m/s feedrate when only micro-EDM dominates, 
there is a remarkable reduction in the crater size and surface roughness when the 
capacitor is changed from 4700 pF to 470 pF, as shown in Figure 5.6(a) and (b). The 
average surface roughness Ra is 414 nm when the 4700 pF capacitor is used and it is 





only 204 nm when the 470 pF capacitor is employed. With combined micro-EDM and 
micro-ECM at 0.2 m/s feedrate and with stray capacitor, the machined surfaces are 
relatively lustrous and there is no trace of discharge craters, as seen in Figure 5.6(c) 
and (d). The average surface roughness of the surface machined at 100 V is 43 nm 
while it is only 12 nm when 80 V is applied. The obtained surface is mirror-finish and 
glossy. This shows that the change of material removal mechanism from micro-EDM 
to hybrid micro-EDM/ECM improves the finish of machined surfaces. 
 
Figure 5.6: 3D views, microscopic images and profiles of the surfaces fabricated by 
micro-EDM (a, b) and hybrid micro-EDM/ECM (c, d) with different voltages, 
capacitors and feedrate 





5.2.4 Material composition of machined surfaces 
On the surface machined by micro-EDM, there exist thermally-damaged layers 
including the white layer (recast layer) and the heat affected zones. In the white layer, 
there is a high degree of carburization of metal when hydrocarbon oil is used as 
dielectric fluid as well as the existence of oxide when deionized water is employed. 
Micro-cracks and residual stresses may reside in this layer due to rapid cooling of the 
molten metal on the surface. Hence, white layer and heat affected zones are not 
preferable because they change the material structure and properties. 
It has been observed that the change of material removal mechanism from mere micro-
EDM to hybrid micro-EDM/ECM enhances the surface integrity by dissolving a layer 
of material with the discharge craters. Therefore, the material composition of the 
machined surface is likely to change. Figure 5.7 shows the material composition of two 
separate zones on the machined surface: crater zone (Figure 5.7(a)) and crater-free 
zone (Figure 5.7(b)). For the crater zone, it is observed that there appears 4.12% 
oxygen element and 12.62% carbon element on the surface. The carbon element results 
from the high quenching rate and the re-deposition of debris particles on the machined 
surface. Oxygen element stems from the rapid oxidation of material under the 
coexistence of high temperature in plasma column and oxygen gas disassociated from 
the deionized water, which has been discussed in the previous chapter.  
Figure 5.8 compares the composition of material in crater and crater-free zone. It is 
observed that there is a significant difference in the amount of carbon and oxygen 
element between these two zones. Oxygen element is highly reduced from 4.12% to 
2.31% and carbon element considerably drops from 12.62% to 9.99% only. These 





changes are probably the consequence of material dissolution from the machined 
surface by electrochemical reaction. This reveals that hybrid micro-EDM/ECM 
process helps to restore the material properties of machined surface by dissolving 
material from the defective white layer and reducing the thickness of thermally-
damaged zones which are made up on the machined surface during micro-EDM  
(Bleys et al., 2006). 
 
Figure 5.7: EDX spectrums showing the composition of the crater zone (a) and the 
crater-free zone (b) 
(a) 
(b) 






Figure 5.8: Comparison of material composition in crater and crater-free zones 
5.3 Simultaneous micro-EDM and micro-ECM drilling in low-
resistivity deionized water 
5.3.1 Working principle 
In the previous section, it is observed that there is a change of material removal 
mechanism in low-resistivity deionized water from mere micro-EDM to hybrid micro-
EDM/ECM when low feedrate is used. Hence, the SEDCM uses low-resistivity 
deionized water, an eco-green substance, to satisfy the requirements of machining fluid 
to promote both electric discharge and electrochemical reaction in a unique hybrid 
machining process. 
Figure 5.9 shows the principle of SEDCM drilling in low-resistivity deionized water. 
In this process, short voltage pulses are applied instead of a continuous voltage in the 
normal micro-EDM using RC-type pulse generator. When the process begins, the short 
voltage pulses are applied across the electrode and workpiece. Then, the electrode is 
lowered down to reduce the gap between electrode and workpiece, as shown in Figure 
C O Cr Mn Fe Ni 
Raw material 7.21 0 18.01 4.83 67.28 2.67 
Crater zone 12.62 4.12 14.96 4.03 62.48 1.78 

























5.9(a). As soon as the gap meets a critical value, there is the breakdown of deionized 
water and the sparks occur as shown in Figure 5.9(b). Material is removed from the 
workpiece by melting and vaporization. Each discharge leaves a crater on the 
machined surface. Therefore, the surface is covered with a multitude of overlapped 
discharge craters and it is rather rough, as a result. After a period of time, the gap 
width between electrode and workpiece increases due to material removal by the 
sparks and no further discharges happen. 
 
Figure 5.9: Principle of SEDCM drilling 
With the supplied voltage pulses, the electrochemical reaction occurs owing to the 
slight conductivity of deionized water, as illustrated in Figure 5.9(c). Anodic 
dissolution takes place at the workpiece surface, producing electrons that are 
transferred to the cathode by the low-resistivity deionized water which acts as a current 
carrier. Material is dissolved from the workpiece and its surface roughness decreases. 
Due to the use of short voltage pulses, the dissolution of material is localized within a 
certain distance which is marked with dotted line in Figure 5.9(c). Hence, the 
Electrode 
Workpiece 
(a) Process begins (b) Discharge 










machining gap is confined and the machining accuracy could be maintained. After a 
time period, the electrode is lowered down further through feeding and the process 
repeats the cycle as illustrated in Figure 5.9(d). In order for the electrochemical 
reaction to have enough time to dissolve material, the feedrate must be sufficiently 
low.  
In short, this principle simultaneously combines micro-EDM and micro-ECM in a 
unique hybrid machining process with three approach directions: low-resistivity 
deionized water as bi-characteristic fluid, low feedrate to promote the electrochemical 
reaction and short voltage pulses to localize the dissolution zone. 
5.3.2 Machining conditions 
The machining process was carried out to fabricate micro-holes using the 75 m 
electrode with SEDCM condition. The original 200 m electrode was clamped on 
the machine spindle and its diameter was reduced to 75 m by horizontal block-
electrical discharge grinding. Then, the micro-holes were fabricated with various 
feedrate and pulse parameters as given in Table 5.3. 
Table 5.3 Machining parameters of SEDCM  
Pulse generator In-house developed short pulse generator 
Dielectric fluid Deionized water 0.4Mcm 
Voltage (V) 60 
Resistor () 220 
Capacitor (pF) 265 
Frequency (kHz) 0 (DC regime), 100, 300, 500 
Duty ratio (%) from 15% to 70% 
Tool rotation (rpm) 500 
Feedrate (μm/s) from 0.2 μm/s to 10 μm/s 





5.3.3 Effectiveness of SEDCM 
The objective of SEDCM is to fabricate micro-features with high machining accuracy 
and good surface finish. In this section, the attempt to fabricate micro-holes by 
SEDCM is presented. The above results show that there is a change of material 
removal mechanism to hybrid micro-EDM/ECM when low feedrate is used. Therefore, 
further experiments were carried out to fabricate micro-holes at 60 V, using DC regime 
with two different feedrates: 10 m/s and 0.2 m/s. As shown in Figure 5.10(a), in the 
case of 10 m/s feedrate, the micro-hole surface is observed to be covered with 
overlapped discharge craters. Especially, the recast material can be seen at its sharp 
edge. On the contrary, the cylindrical surface of micro-hole machined at 0.2 m/s 
feedrate is found to be smooth and free of crater, as can be seen in Figure 5.10(b). 
However, micro-pits appear on the surface adjacent to the rim of the micro-hole and 
the micro-hole diameter is conspicuously expanded. This is induced by the excessive 
dissolution of material under continuous voltage supplied in low-resistivity deionized 
water. When 10 m/s feedrate is used, the feed is rather fast so there is not much time 
for electrochemical reaction to dissolve the material after the sparks have stopped. In 
contrast, 0.2 m/s feedrate is relatively low; thus, ionic dissolution can happen on the 
side surface of machined micro-hole. However, under continuous voltage applied, 
electrochemical reaction drastically occurs and is not restricted. Accordingly, it 
excessively dissolves the material and increases the machining gap between electrode 
and workpiece. As a consequence, the machining shape is distorted and the machining 
accuracy deteriorates. 






Figure 5.10: Micro-holes machined using DC regime at 60 V with different feedrate: 
(a) 10m/s, (b) 0.2m/s. 
Hence, short voltage pulses were applied instead of DC regime so as to contain the 
material dissolution during machining. Figure 5.11 shows the micro-hole fabricated 
using pulses at the frequency of 500 kHz with 30% duty ratio and 0.2 m/s feedrate. 
The obtained micro-hole is found to be free of crater on its side surface. Moreover, 
there is no exceeding expansion of diameter as well as the appearance of micro-pits 
adjacent to the rim. This shows the feasibility of SEDCM principle and its capability to 
obtain both good surface finish and high machining accuracy. It also reveals that low-
resistivity deionized water, low feedrate, and short voltage pulses are three integral 
factors of SEDCM. 
 
Figure 5.11: Micro-hole fabricated by SEDCM using 500 kHz pulses with 30% duty 
ratio at 0.2 m/s feedrate  





Figure 5.12 compares the machining gap and machining time of three different 
conditions above. As can be seen, the machining gap is only 9 m when 10 m/s 
feedrate is applied. When 0.2 m/s feedrate is used, it has a sharp rise to more than 20 
m. As short voltage pulses are employed, the machining gap is found to be 8 m 
only, though feedrate is still at 0.2 m/s. It can also be seen that there is an increase of 
machining time when lower feedrate 0.2 m/s is used. However, the ratio of increased 
machining time is not same as the ratio of reduced feedrate. This discrepancy may be 
attributed to the short-circuit phenomenon during machining. At very high feedrate, the 
short-circuit phenomenon frequently occurs and the machining speed is reduced as a 
consequence. 
 
Figure 5.12: Comparison of machining gap and machining time between different 
machining conditions 
5.3.4 Effect of short voltage pulses 
In order to investigate the influence of different pulse parameters, experiments were 
performed using pulses at three different frequencies of 100, 300 and 500 kHz with 
duty ratio ranging from 15% to 70%. In Figure 5.13, it can be observed that with 
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decrease. Similarly, at higher frequency used, smaller micro-holes are also formed. 
This can be seen with the reduction of machining gap in Figure 5.14. This 
phenomenon could be explained by using the double-layer model presented in chapter 
3. When a voltage pulse is applied, the double layer starts to be charged. However, due 
to the limited pulse width, the double layer is only considerably charged on the area 
where the distance between electrode and workpiece is under a certain value. 
Therefore, the current density and the material dissolution rate are significant merely in 
that area. As a consequence, the electrochemical reaction could be localized and the 
machining gap is restricted within that distance. When a shorter pulse-on time is 
applied, the machining gap becomes thinner. From section 4.4.2, it can be seen that 
pulse-on time is the product of duty ratio and pulse period. The pulse period is one 
over the frequency. Therefore, pulse-on time is also the ratio of duty ratio over 
frequency. This explains why the machining gap is reduced when a higher frequency 
as well as smaller duty ratio is used. 
It is also observed that when the pulse-on time is reduced to as short as 300 ns, the 
cylindrical surface of machined micro-holes is found to be covered with overlapped 
discharged craters although the identical feedrate 0.2 m/s is used, as seen in Figure 
5.13(f) and (i). Figure 5.15 is a zoom-in view of the micro-hole where the recast 
material can be seen at its edge. Although the 0.2 m/s feedrate is low enough to 
promote the micro-ECM effect on the machined surface, there is no visible sign of 
material dissolution in this case. The cylindrical surface of micro-hole is entirely 
covered with the discharge craters. This shows that the electrochemical reaction is 
localized when voltage pulses are used; however, the 300ns pulse-on time is too short 
so that the localized dissolution distance is even smaller than the spark gap consisting 





of critical distance and discharge depth. Therefore, the electrochemical reaction is 
mostly suppressed. It reveals that short voltage pulses could localize the material 
dissolution and even suppress the electrochemical reaction when the pulse width is less 
than a critical value. Hence, the voltage pulses applied in SEDCM must be adequately 
long to promote the electrochemical reaction within a small gap distance, not to 
absolutely suppress it. This finding confirms and is in accordance with the double-
layer model stated above. 
 
Figure 5.13: SEM images of micro-holes machined with different pulse frequencies 
and duty ratio 






Figure 5.14: Machining gaps corresponding to different pulse parameters 
 
Figure 5.15: Micro-hole machined using pulses at 300 kHz, 15% duty ratio and with 
0.2 m/s feedrate 
5.3.5 Effect of feedrate 
For examining the effect of feedrate on the efficiency of SEDCM, comparison is 
carried out between the micro-holes machined at the same 500 kHz frequency, 30% 
duty ratio but with two different feedrate values: 1.2 m/s (Figure 5.16) and 0.2 m/s 
(Figure 5.11). It can be seen that when the 1.2 m/s feedrate is used, the side surface of 
machined micro-holes is also entirely covered with crater marks. It is different from 
the micro-hole machined at 0.2 m/s in Figure 5.11 of which the side surface is 
smooth and crater-free. The variation in feedrate is probably accounted for this 





























electrochemical reaction to take place and dissolve the material from machined surface 
after the discharge has stopped. As a result, the effect of micro-ECM is less and the 
machined surface is still covered with a multitude of discharge craters. Accordingly, 
the machining gap will be thinner and the machining time will be shorter. These are 
consistent with the experimental results given in Figure 5.17. The machining gap in the 
case of 0.2 m/s feedrate is about 8 m whereas it is only less than 6 m when 1.2 
m/s feedrate is used. The machining time also drops sharply from around 14 minutes 
to 4 minutes. This affirms that feedrate is one of the key elements in SEDCM and 
choosing the appropriate feedrate is important to enhance the efficiency of this hybrid 
machining process. 
 
Figure 5.16: Micro-hole fabricated at 500 kHz, 30% duty ratio and with 1.2m/s 
feedrate 
 
















































5.4 Concluding remarks 
In this chapter, the material removal phenomenon in micro-EDM using low-resistivity 
deionized water has been investigated. In addition, the new SEDCM drilling has also 
been presented and studied. The following conclusions could be drawn: 
 There is a change of material removal mechanism in low-resistivity deionized 
water from mere micro-EDM to hybrid micro-EDM/ECM when feedrate is 
reduced. 
 SEDCM is feasible by using low-resistivity deionized water as bi-characteristic 
fluid to facilitate both electric discharge and electrochemical reaction in the 
same machining process. 
 There are three main factors in SEDCM, namely low-resistivity deionized 
water, low feedrate and short voltage pulses. 
 SEDCM improves the finish of machined surface by exploiting the 
electrochemical reaction to dissolve material and reduce its surface roughness. 
 The electrochemical reaction contributes to the dissolution of the affected 
material existing inside the white layer and the heat affected zones. 





Chapter 6  Modeling of Radial Gap in SEDCM Drilling  
 
6.1 Introduction 
The surface of the micro-hole generated by the electric sparks is relatively rough due 
to the overlapping of discharge craters. For enhancing the surface finish, the uneven 
material layer is further dissolved from machined surface owing to the effect of 
electrochemical reaction in SEDCM drilling. In order to maintain the dimensional 
accuracy of micro-holes, short voltage pulses are applied to localize the material 
dissolution zone. Therefore, the additional thickness of material layer removed is of 
prime importance in deciding the final dimension of micro-holes. This chapter presents 
the modeling of radial gap distance in simultaneous micro-EDM and micro-ECM 
drilling by predicting the thickness of material layer further dissolved by 
electrochemical reaction. The analytical model incorporating the double-layer theory, 
the Butler-Volmer equation and the Faraday’s law of electrolysis is used to simulate 
the radial gap distance for different pulse parameters. The experimental results are then 
used to verify the simulation data.  
6.2 Theoretical analysis 
6.2.1 Radial gap model 
In conventional micro-EDM drilling, material is removed by the discharge through 
melting and vaporization. Therefore, the machining gap formed consists of the critical 
distance and the discharge depth (Kao et al., 2007). However, in SEDCM drilling, a 
thin layer of affected material on the lateral surface generated by the electric sparks is 





further removed to enhance the surface integrity of the micro-hole, as illustrated in 
Figure 6.1. As a result, aside from the critical distance and the discharge depth, the 
radial gap in this hybrid process also consists of the dissolution depth which stems 
from the electrochemical reaction. Hence, the final radial gap in SEDCM drilling is 
also dependent on the thickness of material layer which is further dissolved. This 
model focuses on the material dissolution characteristic after the discharge to perform 
the modeling of radial gap of obtained micro-holes. For that reason, the side gap 
formed after micro-EDM is considered as the initial gap for material dissolution. 
 
Figure 6.1: Illustration of the radial gap in SEDCM drilling 
Owing to the slight conductivity of low-resistivity deionized water, it could be 
considered as a weak electrolyte. Therefore, the side gap between electrode and 
workpiece could be modeled as an electrochemical cell. When a voltage is applied 
across two electrodes immersed in deionized water, the ions in the solution move 
towards the electrode surface and the double layer is formed at the interface of the 
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behaves as a two parallel plate capacitor (Schuster et al., 2000; Bard and Faulkner, 
2001). Thus, it could be modeled as a capacitor, as shown in Figure 6.2 (De Abril et 
al., 2008; Kozak et al., 2008). In this model, Rsol is the resistivity of deionized water. 
The CDL’ and CDL” are the capacitance of double layer at the electrode and workpiece 
surfaces respectively. Likewise, the RF’ and RF” are the Faradic resistance (or transfer 
resistance) representing the current density of electrochemical reaction at the surfaces 
of electrode and workpiece. Since the thickness of the double layer is significantly 
smaller than the radial gap distance, the solution resistance Rsol could be expressed as 
follows: 
gsol dR   (6.1) 
where  is the specific resistivity of deionized water and dg is the electrode-workpiece 
gap distance. 
 
Figure 6.2: Model of electrode-workpiece side gap in terms of circuit element 
6.2.2 Polarization of double layer capacitor 
Prior to the model development, certain assumptions are made: 























 The transfer resistance and the capacitance of double layer at the electrode-
solution and workpiece-solution interfaces are the same (RF’ = RF” = RF and 
CDL’ = CDL”= CDL). 
 There is no material dissolution during pulse-off time. 
 The roughness of the electrode and workpiece surfaces is neglected in 
simulating the radial gap distance. 
Following the model in Figure 6.2, the current density flowing through the workpiece-
electrolyte interface comprises of two routes: the charging current density iC (to charge 
the double layer capacitance CDL) and the Faradic current density iF (flows through the 






in which t is the time variable and  is the double layer polarization 
It has been reported that the Faradic current density is exponentially dependent on the 
polarization of the double layers. Hence, originating from the Butler-Volmer equation 
(Bard and Faulkner, 2001), the Faradic current density is given by the following 
equation  
 )exp()exp(  zfzfii oF    (6.3) 
where io is the exchange current density at the equilibrium condition,  is the transfer 
coefficient, z is the number of electrons exchanged during electrochemical reaction and  
RTFf /  (6.4) 





in which  F is the Faraday constant, R is the gas constant and T is the absolute 
temperature. 
In equation (6.3), the former term corresponds to the anodic current density whereas 
the latter term refers to the cathodic current density. These anodic and cathodic 
reactions happen on the same electrode. In the application which exploits the anodic 
dissolution of metal, the double layer polarization  is considerably high and thus the 
cathodic current density is significantly small. Therefore, it can be neglected and the 
Faradic current density flowing through the transfer resistance RF could be simplified 
to be 
)exp( zfii oF    (6.5) 

















   (6.7) 
where U is the amplitude of the applied voltage pulses. 



















gDL   (6.8)
 





Now, the polarization of double layer  could be obtained. From that, the Faradic 
current density iF could be determined using the equation (6.5). 
6.2.3 Determination of dissolution rate 
In order to compute the dissolution rate, the current density needs to be determined. 
However, in this process, the short voltage pulses are applied instead of the continuous 
voltage. Therefore, the average current density must be calculated through the total 
electric charge per unit area q. During one pulse, the total electric charge per unit area 
passing through the substance could be determined by integrating the current density iF 






The equation (6.9) yields the total electric charge per unit area passing per single 
voltage pulse. Therefore, the average current density per second could be obtained by 




  (6.10) 
in which  
frequencyt p /1  
(6.11)
 
Then, originating from the Faraday’s law of electrolysis (Bard and Faulkner, 2001), the 
average dissolution rate per second is given by the following equation: 







  (6.12) 
where M is the molar volume of workpiece material. 
6.2.4 Simulation of radial gap distance over time 
From equations (6.5) and (6.8), it can be seen that the current density is a function of 
the electrode-workpiece radial gap dg. When the gap increases, the current density is 
slightly smaller and thus the dissolution rate is changed. Hence, to simulate the change 
of radial gap over time, the iteration method shown in Figure 6.3 was used to update 
the new dissolution rate after each time step t.  
 
Figure 6.3: Iterative algorithm to simulate the change of radial gap over time 
dg = dinitial, t = 0, t 
t < dissolution time 
Calculate  
Current density: iF = ioexp(zf) 
dg =   t 
dg = dg + dg 









6.3 Analysis of simulation results 
6.3.1 Simulation details 
The simulation works are carried out to investigate the effects of different pulse 
parameters on the radial gap formed during machining process. The simulation 
parameters used in this study are shown in Table 6.1 (Bard and Faulkner, 2001). 
Table 6.1 Simulation parameters for radial gap distance 
Initial gap distance, dinitial (m) 5 
Specific conductivity of solution,  (Mcm) 0.4 
Double layer capacitance, CDL (F/cm2) 0.5 
Transfer coefficient,  0.5 
Valency number of ions, z 2 
Faraday constant, F (C mol-1) 96485 
Gas constant, R (J mol-1 K-1) 8.314 
Temperature, T (Kelvin) 298.15 
Exchange current density, io (A/cm2) 70 
Pulse amplitude, U (V) 60 
Pulse frequency (kHz) 100, 300, 500 
Pulse duty ratio 0.15 to 0.9 
Molar volume, M (cm3/mol) 7.11 
Time step, t (s) 10 
Dissolution time (s) 300 
 
The initial gap is set to be the spark gap when the electrochemical reaction is mostly 
suppressed, which is experimentally obtained to be approximately 5 m. The exchange 
current density is the value at the equilibrium condition of which the net current is 
zero. In other words, at equilibrium there is a balance of anodic and cathodic reaction 
occurring on the same electrode surface. It is given that this exchange current density 
could be as high as 10 A/cm2 or smaller than 1 pA/cm2 (Bard and Faulkner, 2001). In 
this study, partially deionized water which can be considered as a weak electrolyte is 
used. The exchange current density depends on the nature of the electrode and it is 





determined to be 70 A/cm2 from experimental results (Bagotsky, 2005). Besides, the 
capacitance of double layer typically ranges from 10 to 40 F/cm2 (Bard and Faulkner, 
2001). However, it is reported that for the dilute electrolyte, the double layer 
capacitance significantly drops from 7 F/cm2 for 10 millimolar H2SO4 to 1.2 F/cm2 
for 1 millimolar H2SO4 (De Abril et al., 2008). For low-resistivity deionized water, it 
could be seen as a very dilute electrolyte and the double layer capacitance is 
considered to be 0.5 F/cm2 in this simulation. 
6.3.2 Effect of duty ratio 
Figure 6.4 exhibits the simulated data of current density for different duty ratios during 
one pulse period. In this case, the frequency is set at 500 kHz so the pulse period is 
calculated to be 2 s. It is noteworthy that during the first 0.3 s, although the voltage 
has been applied, the current density remains steady near zero. Then, it has the sharp 
rise to reach the peak 0.3 A/cm2 after 0.6 s. This is attributed to the double layer 
charging characteristic. When the voltage is applied, the ions in the solution move 
towards the workpiece surface to form the double layer. The Faradic current is 
exponentially dependent on the polarization of this double layer, as indicated in 
equation (6.5). It takes certain time for the double layer to be fully charged so the 
Faradic current merely remains near zero at the beginning and increases sharply after 
0.3 s. When the current density peaks and keeps stable at 0.3 A/cm2, it is indicated 
that the double layer is fully charged. 
It can also be observed that with the smaller duty ratio (or shorter pulse-on time), the 
width of current density profile becomes thinner. After the pulse-on time duration, the 
applied voltage drops to zero and thus the current falls off. In addition, the dissolution 




rate is dependent on the total charge transferred during one pulse, as indicated in 
equation (6.9). Therefore, higher duty ratio would result in higher dissolution rate, as 
plotted in Figure 6.4(b). It is also noted that when the duty ratio is too small, the 
dissolution rate is negligible because the pulse-on time is too short for the double layer 
to be significantly charged. This is the situation in which there is no visible effect of 





Figure 6.4: Simulation of current density (a) and dissolution rate (b) for different duty 
ratios (frequency = 500 kHz, dinitial = 5 m) 
6.3.3 Effect of gap distance 
Figure 6.5(a) shows the simulated data of current density for different initial gap 
distance during one pulse period. The pulse frequency and duty ratio are fixed at 500 




kHz and 0.3 respectively. It could be seen that the current density could reach the peak 
for 5-m gap. It means that the double layer is considered to be fully charged. On the 
contrary, it is observed that for higher gap distance (7 and 9 m), the current density is 
reduced and it could not even attain the peak value. This is due to the fact that 0.6 s 
pulse-on-time is not long enough for the double layer to be fully charged. As a result, 
the dissolution rate is significantly reduced for higher gap distance, as indicated in 
Figure 6.5(b). This explains how the material dissolution is localized and thus the 





Figure 6.5: Simulation of current density (a) and dissolution rate (b) for different initial 
gap distance (frequency = 500 kHz, duty ratio = 0.3) 
  




6.3.4 Effect of pulse frequency 
Figure 6.6 simulates the radial gap distance for different duty ratios ranging from 0.15 
to 0.9 and for three frequencies: 100, 300 and 500 kHz. It can be observed that at the 
same frequency, higher duty ratio would result in bigger radial gap. With longer pulse-
on time, the total electric charge per pulse is higher and thus the material is dissolved 
more. In addition, longer pulse duration would allow the double layer to be fully 
charged at higher gap distance. As a result, the material dissolution could occur for 
further range and thus it results in bigger diameter of micro-hole. 
It is also observed that at the same duty ratio, higher frequency would result in smaller 
radial gap distance. This is the consequence of shorter pulse-on time. It is known that 
the pulse-on time is the product of pulse period and duty ratio. With higher pulse 
frequency, the pulse period is smaller as indicated in equation (6.11). For that reason, 
the pulse on-time is shorter leading to the limitation of dissolution range. That is the 
reason why at the same duty ratio, the diameter of micro-hole is predicted to be smaller 
for higher frequency. 
 
Figure 6.6: Simulation of radial gap distance for different frequencies and duty ratio 
(dinitial = 5 m) 





6.4 Experimental verification 
From the simulation results, it could be seen that the pulse parameters directly affected 
the radial gap of machined micro-holes. Hence, experiments were carried out to 
compare their results with the simulated data obtained in section 6.3.4, whereby the 
effects of pulse frequency and duty ratio are demonstrated. The machining conditions 
used for fabricating micro-holes are summarized in Table 6.2. Furthermore, the 
effectiveness of short voltage pulses in localizing the dissolution zone is also verified 
by investigating the change of radial gap when exposing to long dissolution time.  
Table 6.2 Machining parameters for SEDCM drilling 
Electrode material Tungsten 
Electrode diameter (m) 75 
Workpiece material Stainless steel SUS 304 
Voltage (V) 60 
Resistor () 220 
Capacitor (pF) 265 
Frequency (kHz) 0 (DC regime), 100, 300, 500 
Duty ratio (%) from 15% to 70% 
Tool rotation (rpm) 500 
Feedrate (μm/s) 0.2 μm/s 
 
Figure 6.7 shows the radial gap and the SEM images of micro-holes fabricated using 
500 kHz pulse for different duty ratios. From the SEM images, it can be observed that 
the micro-hole is larger when higher duty ratio is used. This can be seen with the 
increase of the radial machining gap. At duty ratio of 0.3, the machining gap is less 
than 8 m whereas it increases to 10 m for 0.5 duty ratio and up to nearly 14 m for 
duty ratio of 0.7. Therefore, the experimental results are found to be consistent with the 
aforementioned analysis. Because the dissolution rate is higher and the dissolution area 
is wider for longer pulse-on time, the obtained micro-hole will be bigger in diameter. 





Figure 6.7: SEM images and radial gaps of micro-holes corresponding to different 
pulse duty ratio (frequency = 500 kHz) 
In addition, at the duty ratio of 0.25, it is noted that the lateral surface of micro-hole is 
mostly covered with the overlapping discharge crater. This is the situation that has 
been explained in the section 6.3.2. Since the pulse-on time is too short, the double 
layer could not be significantly charged even for the initial gap generated by the 
sparks, which results in the negligible dissolution rate. As a result, the irregular recast 
layer generated by electric sparks is not effectively removed from the side surface of 
micro-hole, as exhibited in Figure 6.8. For micro-hole shown in Figure 6.8(a), the re-
solidified material could be seen on the rim and the overlapped discharge craters still 
exists on the lateral side surface. In contrast, the side surface of micro-hole in Figure 
6.8(b) is found to be smooth with no visible crater. This is due to the fact that a layer of 
affected material on machined surface is further dissolved by electrochemical reaction.






(a)     (b) 
Figure 6.8: SEM images of micro-holes fabricated without (a) and with (b) the effect 
of material dissolution 
Figure 6.9 compares the experimental and analytical results of radial gap for different 
duty ratios and frequencies. The feedrate is set at 0.2 m/s for all experimental sets and 
the machining time is approximately 14mins for all micro-holes. For the machining 
time of micro-EDM alone, it is determined to be around 4mins by using short voltage 
pulses and high feedrate to suppress the effect of electrochemical reaction. Therefore, 
the dissolution time is expected to be 10mins. However, the radial gap investigated in 
this study is based on the average value of the top and bottom diameter of micro-holes. 
Hence, the dissolution time is presumed to 5mins for simulation. It can be observed in 
Figure 6.9 that there is a reasonable agreement between the simulated data and the 
experimental results for all the frequencies 100, 300 and 500 kHz. It is found to be in 
accordance with the aforementioned analysis in which the radial gap is increased when 
higher pulse duty ratio is used. In addition, the obtained experimental results also show 
that the radial gap is slightly smaller when higher frequency is applied. This is also 
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Figure 6.9: Comparison of experimental data and simulated results of radial gap for 
different pulse frequencies: (a) 100 kHz, (b) 300 kHz and (c) 500 kHz 




In order to further demonstrate the effectiveness of short voltage pulses in localizing 
the material dissolution zone, the radial gap is investigated when micro-hole is exposed 
to long dissolution time. After finishing the drilling of micro-hole, the electrode is 
forced to dwell at that position for additional certain duration instead of being 
retracted. Figure 6.10 outlines the change of radial gap over time and compares them 
with the theoretical results. It could be observed that the experimental results have the 
same increasing trend with the simulated data. Especially, although undergoing 
dissolution for additional duration as long as 600s, the radial gap is found to increase 
1.5m only. Moreover, from the experimental results, it is observed that the 
dissolution rate significantly drops from around 0.004m/s at the start of the dwelling 
period to 0.0015m/s at the end point of dwelling time. This is in accordance with the 
analysis in section 6.3.3. With the limited voltage pulse width, the double layer is 
merely charged within a certain distance which results in the localization of dissolution 
zone. This confirms the effectiveness of short voltage pulses in maintaining high 
dimensional accuracy for SEDCM. 
 
Figure 6.10: Change of radial gap over time (frequency = 500 kHz, duty ratio = 0.3) 





6.5 Concluding remarks 
This chapter presents the analytical modeling of radial gap distance in simultaneous 
micro-EDM and micro-ECM drilling and verifies it with experimental results. The 
following are the noteworthy conclusions that could be drawn from this chapter: 
 In SEDCM drilling, a thin layer of affected material on the lateral surface of 
micro-hole is further dissolved by electrochemical reaction whereby its surface 
integrity is improved. 
 The material dissolution in low-resistivity deionized water could be modeled 
using the double layer theory, Butler-Volmer equation and Faraday’s law of 
electrolysis. 
 Pulse parameters such as frequency and duty ratio directly affect the thickness 
of affected material layer further dissolved from inner surface of micro-holes. 
 Owing to double-layer charging characteristic, short voltage pulses are 
effective in localizing the material dissolution zone and thus maintain high 
dimensional accuracy for SEDCM. When the pulse duration is too short, the 
material dissolution is negligible and SEDCM has no effect on improving the 
micro-hole surface. 
 There is reasonable agreement between the simulated data and experimental 
results. The presented approach is thus useful for determining suitable 
machining condition and predicting the dimension of micro-holes. 





Chapter 7  Simultaneous micro-EDM and ECM Milling 
 
7.1 Introduction 
Micro-EDM milling is a promising method to fabricate micro-tooling for replication 
technologies such as micro-injection molding or hot-embossing. Owing to its 
negligible cutting force, micro-features which are smaller than few hundred microns 
could be obtained. Notwithstanding this valuable characteristic, the surface generated 
by micro-EDM incurs poor surface integrity due to the overlap of multitudinous 
discharge craters and the existence of thermally-damaged zones. With a view to 
strengthening the capability of micro-EDM for micro-tooling manufacture, this chapter 
details SEDCM milling for the fabrication of intricate micro-shapes with enhanced 
surface integrity and dimensional accuracy.  
7.2 Principle of SEDCM milling  
The working mechanism of SEDCM milling is fundamentally depicted in Figure 7.1. 
In this method, material is removed layer-by-layer to maintain the original shape of 
electrode. The electrode-workpiece gap is filled with low-resistivity deionized water, 
which exhibits both characteristics of a dielectric fluid and a slightly conductive 
electrolyte (Masuzawa et al., 1994; Nguyen et al., 2012).  
When the process starts, power is supplied in terms of short voltage pulses. For each 
layer, the tool electrode is lowered by a certain layer depth, as shown in Figure 7.1(a). 
As the inter-electrode gap meets the critical value, the discharge takes place as 
illustrated in Figure 7.1(b). Each discharge forms a crater, and thus the machined 





surface is covered with numerous overlapped craters. Due to the material erosion, the 
gap width expands and no further discharge occurs. At that time, due to the slight 
conductivity of deionized water, the voltage pulses induce a weak electrochemical 
reaction. Anodic dissolution occurs at the workpiece surface whereby its roughness is 
reduced, as illustrated in Figure 7.1(c). On the other hand, due to the short duration of 
voltage pulses applied, dissolution zone is localized within a fine gap width (marked 
with dotted line) (Schuster et al., 2000). Hence, the machined shape is prevented from 
distortion, resulting in the improved dimensional accuracy. Then, through feeding, the 
electrode moves horizontally following the preset tool path pattern to remove material 
of the entire layer, as shown in Figure 7.1(d). The discharge occurs and the cycle is 
repeated.  
 
Figure 7.1: Principle of SEDCM milling. 
In brief, this principle uses low machining speed to facilitate the electrochemical 
reaction for enhancing surface finish and short voltage pulses to localize the 
dissolution zone for better dimensional accuracy. 





7.3 Machining conditions and procedure 
The experimental works comprise the fabrication of different micro-slots and shapes 
on SUS304 stainless steel using tungsten electrode. Firstly, a set of micro-slots with 5-
μm depth were machined using various scanning feedrate and layer depth to determine 
the appropriate machining condition. Secondly, different micro-shapes were produced 
and analyzed to show the capability of this hybrid process. During machining, layer-
by-layer material removal strategy was used to preserve the original electrode shape. 
Table 7.1 Machining conditions for SEDCM milling 
Electrode diameter (m) 100 
Electrode polarity Negative 
Deionized water resistivity (M cm) 0.5 
Electrode rotation speed (rpm) 500 
Voltage (V) 60 
Resistor ()  220 
Capacitor (pF) 265 
Pulse frequency (kHz) 500 
Duty ratio (%) 25-40 
Layer depth (m) 0.2-1 
Scanning feedrate (μm/s) 10-50 
 
Figure 7.2 illustrates the tool paths used in this study where d is depth of each layer 
and Vf is the horizontal scanning feedrate. The machining conditions are summarized 
in Table 7.1. 
 
Figure 7.2: Tool paths to fabricate micro-slots (a) and micro-cavities (b) 





7.4 Main factors in SEDCM milling 
For attaining the hybrid SEDCM milling, the machining speed needs to be judiciously 
adjusted and short voltage pulses must be used. In layer-by-layer removal strategy, 
machining speed is affected by the thickness of each layer and the horizontal scanning 
feedrate. Hence, the effects of scanning feedrate, layer depth and voltage pulses are 
investigated. 
7.4.1 Scanning feedrate 
Figure 7.3 shows 5-μm deep micro-slots fabricated using different feedrate ranging 
from 50 to 10 μm/s. The depth of each layer is 0.2 μm and the voltage is applied in 
terms of 500 kHz pulses with 30% duty ratio. As can be seen in Figure 7.3(a), in the 
case of 50 μm/s feedrate, the machined surface is entirely covered with discharge 
craters. When the feedrate is gradually reduced, it can be observed that there appears a 
smooth zone wherein the craters are diminished. The smooth zone becomes larger as 
the feedrate is lowered. This is attributed to material dissolution from the machined 
surface induced by electrochemical reaction. At low feedrate, after the discharge has 
stopped, deionized water infiltrates into the fine gap. The small amount of ions in the 
low-resistivity deionized water could act as a current carrier to enable the 
electrochemical reaction. Material is dissolved from the recast layer, forming a 
smoother surface. In contrast, when the electrode moves at a higher feed rate, there is 
less time for the electrochemical reaction to remove the micro-EDMed surface. As a 
result, the efficiency of surface finish improvement is reduced and it becomes 
negligible when the feedrate is as high as 50μm/s, as shown in Figure 7.3(a). Hence, 
this indicates that low feedrate is the requisite for facilitating electrochemical reaction. 






Figure 7.3: Micro-slots fabricated using short voltage pulses at different scanning 
feedrate: (a) 50 m/s, (b) 30 m/s, (c) 20 m/s, and (d) 10 m/s 
At 10 μm/s feedrate, the smooth zone is seen to be widespread on most of the 
machined surface, as exhibited in Figure 7.3(d). However, there are few discharge 
craters left at the two ends of fabricated slot. This is likely to be due to the lack of ions 
stemming from the difficulty of fresh deionized water in infiltrating into the fine gap 
after the discharge has stopped. During electrochemical reaction, the electrolyte acts as 
a current carrier to transfer the electrons created during anodic dissolution from anode 
to cathode. Therefore, lack of electrolyte would result in the inhibition of 
electrochemical reaction.  
In order to improve the replenishment of fresh deionized water in the fine gap, the 
electrode was lifted up a few microns after each layer. However, the effect is found to 
be insignificant and the craters still exist at the two ends of the micro-slot. This may 
stem from the fact that the dissolution zone is localized within a thin gap width owing 
to the short voltage pulses. So the uplift of electrode also increases the frontal gap, 
resulting in low efficiency of the electrochemical reaction. Hence, to stimulate the 
infiltration of fresh deionized water into the fine gap as well as to hold that gap width 
under a certain value, the electrode is forced to dwell at the two ends of micro-slot for 
few seconds before it starts a new layer. With this technique, the obtained micro-slot is 
found to be smooth on the entire machined area, as shown in Figure 7.4(a). 





7.4.2 Short voltage pulses 
Figure 7.4(b) exhibits the micro-slot fabricated at the same 10 μm/s feedrate but using 
continuous voltage supply (conventional RC-type pulse generator). Compared with 
Figure 7.4(a) wherein short voltage pulses are used, the machined surface is also seen 
to be relatively smooth with no trace of crater. However, the slot is observed to be 
conspicuously enlarged due to the unrestrained material dissolution. This affirms that 
the usage of short voltage pulses is a vital factor to localize the dissolution zone and 
thereby prevent the machined shape from distortion. 
    
(a)     (b) 
Figure 7.4: Micro-slots fabricated at 10 m/s feedrate using different power regimes: 
(a) 500 kHz voltage pulses and (b) continuous voltage 
7.4.3 Layer depth 
Figure 7.5 shows the micro-slots machined at the identical 10 μm/s feedrate but with 
higher layer depths, 0.5 μm and 1 μm respectively. It is observed that the discharge 
craters start to show up when the layer depth is increased. This is a consequence of the 
increase of material volume that needs to be removed in every feed. Accordingly, the 
discharge has occurred for longer duration to remove material, resulting in less 
machining time for the dissolution. As seen in Figure 7.5(b), the machined slot is 





mostly covered with discharge craters when the layer thickness is set to 1 μm. This 
shows that small layer depth is another essential factor in SEDCM milling. This 
requirement is also preferred in layer-by-layer removal strategy because thinner layer 
depth would yield better flatness of machined surface (Yu et al., 1998). 
    
(a)     (b) 
Figure 7.5: Micro-slots fabricated at feedrate of 10 m/s with different layer depths: 
(a) 0.5 m and (b) 1 m 
7.5 Improved performances of SEDCM milling 
Using suitable machining conditions, two sets of micro-slots and micro-features were 
fabricated to demonstrate the improved performance of SEDCM milling with respect 
to surface integrity and dimensional accuracy. Short voltage pulses at frequency of 500 
kHz and 30% duty ratio were applied and the 0.2 μm layer depth was used. To reduce 
machining time, both sets were fabricated at 50 μm/s feedrate first. For the last 5-μm 
depth, the 50 μm/s feedrate was maintained for the first set while it was reduced to 10 
μm/s for the other set. 
7.5.1 Surface integrity 
Figure 7.6 shows the SEM micrographs of machined micro-slots and micro-shapes. At 
50 μm/s feedrate, the machined surface is entirely covered with discharge craters, and 





it is considered as conventional micro-EDM milling. At 10 μm/s feedrate, the surface 
of the obtained micro-slot and shape is observed to be smooth, and it represents 
SEDCM milling.  
    
(a)     (b) 
    
(c)     (d) 
    
(e)     (f) 
Figure 7.6: SEM micrographs of micro-slots machined at different feedrate:                
(a, c, e) 50 m/s and (b, d, f) 10 m/s 




Figure 7.7 exhibits the topography of the generated surfaces. Overlapping craters 
having diameter of 3-4 microns could be seen in Figure 7.7(a) whereas a relatively 
smooth surface with no visible crater is obtained in Figure 7.7(b). For quantitative 
comparison of surface finish improvement, the surface profiles of these two surface 
textures are also plotted in Figure 7.7. In the case of micro-EDM milling (Vf = 50 
μm/s), the average surface roughness (Ra) is 142nm. For SEDCM milling (Vf = 10 
μm/s), the Ra is found to be 22nm only. This substantiates that SEDCM milling yields 
better surface finish owing to the effect of electrochemical reaction. 
 
 
Figure 7.7: SEM micrographs and profiles of surfaces generated at different feedrate: 
(a) 50 m/s and (b) 10 m/s 
Table 7.2 Composition of machined surfaces 
 Element (in wt%) 
C O Cr Fe Ni W 
Original material 1.13 0.00 19.75 71.17 7.94 0.00 
Micro-EDM milling 6.92 2.76 15.73 65.72 7.18 1.69 
SEDCM milling 5.43 1.04 18.40 65.88 7.59 1.67 
 





Table 7.2 shows the composition of machined surfaces obtained by the energy 
dispersive X-ray spectroscopy. In micro-EDM milling using deionized water, the 
increase (in wt %) of C and O elements stems from the high quenching rate and the 
rapid oxidation phenomenon. However, it is noted that the percentages of these 
elements drop significantly in SEDCM milling. This indicates that the occurrence of 
electrochemical reaction improves the surface integrity by dissolving the affected 
material in the recast layer generated by micro-EDM. 
7.5.2 Dimensional accuracy 
Figure 7.8 outlines the profilographs of the micro-slots and micro-shapes fabricated 
under the two conditions. For SEDCM milling (Vf = 10 μm/s), the width of machined 
slot is found to be few microns larger than that of micro-EDM milling (Vf = 50 μm/s). 
The slot width in case of SEDCM milling is around 112.99 μm while it is about 110.35 
μm for micro-EDM milling. It reveals that the SEDCM milling yields smoother 
surface because a thin layer formed by overlapped discharge craters is further 
dissolved from machined surface by material dissolution.   
 
(a)       (b) 
Figure 7.8: Profiles of micro-slots (a) and micro-cavities (b) fabricated at different 
feedrate 






Figure 7.9: Machining gaps of different machining conditions 
On the other hand, it should be highlighted that the machining shape is still preserved 
and the dissolution is seen to be contained within micron-thick layer only, whereby 
high dimensional accuracy could be attained. This advantage is the result of short 
voltage pulses applied. As seen in Figure 7.9, for SEDCM milling, the shorter the 
pulse duration (or the smaller the duty ratio), the thinner is the machining gap. At the 
same 30% duty ratio, the machining gap of SEDCM milling is larger than that of 
conventional micro-EDM milling by g. Therefore, the g here denotes the thickness 
of material layer further removed by the electrochemical reaction and it is about 1 ~ 
1.5 μm for 30% duty ratio. When the duty ratio is increased, the g becomes higher. 
Hence, it demonstrates that the SEDCM milling could enhance the dimensional 
accuracy by using short voltage pulses to constrain the thickness of material layer 
further dissolved from the machined surface. 
7.6 Application in intricate 3D micro-shapes fabrication 
Figure 7.10 shows two further examples of intricate 3D micro-shapes machined by 
micro-EDM milling and SEDCM milling, demonstrating the feasibility and capability 
of SEDCM milling process. 









Figure 7.10: SEM images of 3D micro-cavities fabricated by different machining 
conditions: (a,c) micro-EDM milling and (b,d) SEDCM milling. 
7.7 Concluding remarks 
In this chapter, a hybrid machining process, involving simultaneous micro-EDM and 
ECM milling, has been presented. Low-resistivity deionized water is exploited to 
concurrently facilitate electric discharge and electrochemical reaction in a unique 
process by using an innovative approach. The following conclusions could be drawn 
from this chapter: 
 Short voltage pulses are effective in localizing the dissolution zone for greater 
precision. A thin layer of affected material on micro-EDMed surface is further 
removed by electrochemical reaction thereby its surface integrity is improved. 
 Besides low-resistivity deionized water and short voltage pulses, machining 
speed is also a main factor to attain SECDM milling hybrid condition. 





 SEDCM milling is capable of producing micro-shapes with enhanced surface 
integrity and dimensional accuracy. Micro-shapes with surface roughness as 
low as 22nm Ra have been produced. The proposed hybrid process is a 
promising method to fabricate micro-features for precise micro-tooling which 
entails nano surface finish and sub-micron accuracy.  
 





Chapter 8  Modeling of Critical Conditions for Transition 
of micro-EDM/SEDCM/micro-ECM Milling in 
Low-resistivity Deionized Water 
 
8.1 Introduction 
For attaining both electric discharge and electrochemical reaction during machining for 
SEDCM milling, selection of machining parameters such as feedrate and layer depth 
has been empirically identified to be of prime importance, as pointed out in the 
previous chapter. This chapter presents the analytical modeling of critical conditions 
for transitions of material removal mechanism in this hybrid machining process 
whereby suitable machining parameters could be predicted. The criteria for three 
distinct machining modes micro-EDM/SEDCM/micro-EDM milling are firstly 
analyzed and identified. The critical feedrate for transitions of material removal 
mechanisms are then determined using a model incorporating double layer theory, 
Butler-Volmer equation and Faraday’s law of electrolysis. Last but not least, the 
material removal mechanisms of the three aforementioned typical machining modes 
are also demonstrated and analyzed in detail. 
8.2 Development of the model 
Figure 8.1 illustrates the material removal mechanism in each horizontal feeding. 
When a horizontal feed is given to the electrode, the spark starts to occur in the area 
where the electrode-workpiece distance is less than the critical distance. The material 
is removed through melting and vaporization. In these areas, the inter-electrode gap 





increases. After a time period, the electrode-workpiece gap is higher than the critical 
distance and the spark no longer occurs. Then, the electrochemical reaction takes place 
and the material is removed from the workpiece by ionic dissolution. Because short 
voltage pulses are used to confine the machining zone, material dissolution merely 
occurs within the limited distance from the surface of electrode. The electrode is then 
fed to move horizontally and the process repeats. 
 
Figure 8.1: Material removal mechanism in SEDCM milling 
For obtaining simultaneous SEDCM milling, both electric discharge and 
electrochemical reaction must occur in every feed. In order to attain this hybrid 
condition, feedrate and the layer depth must be properly adjusted. If the feedrate is too 
high or the layer thickness is too thick, the discharge occurs for most of the time in 
every feed resulting in negligible effect of electrochemical reaction. On the contrary, 
when the feed is too slow or the layer depth is too thin, the electrochemical reaction 
dominates and the material is entirely removed by ionic dissolution. In this case, the 
obtained surface is smooth but the machining speed is low.  
Figure 8.2 depicts the approach used in this study to predict the critical feedrate for 
transitions of different machining modes. Firstly, the criteria for material removal 
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material dissolution when the electrode passes through the surface is estimated. Then, 
the current density and the dissolution rate are calculated by using a model originating 
from the double layer theory, Butler-Volmer equation and Faraday’s law of 
electrolysis. Lastly, the feedrate for transition of material removal mechanism is 
obtained from the critical dissolution time yielded by the criteria identified in the first 
stage. These steps will be detailed in this section. 
 
Figure 8.2: Summary of approach used to predict the transition of material removal 
mechanism 
8.2.1 Criteria for transitions of material removal mechanisms 
Figure 8.3 outlines the schematic of inter-electrode gap between electrode and 
workpiece together with the material layer removed by the discharge and the 
electrochemical reaction.  
Let the original electrode-workpiece gap after vertical feeding be do. When the 
electrode moves horizontally, the discharge removed a layer of material with thickness 
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Figure 8.3: Schematic of material removal in SEDCM milling 
After finishing that layer, the electrode is lowered down for the next layer by a depth 
of d. Hence, the new inter-electrode gap for the next layer is given by the equation 
ddddd dso 1   (8.1) 
Let dinitial be the distance that the sparks stop and the electrochemical reaction starts to 
occur. So it will be given by the equation 
soinitial ddd   (8.2) 
The new inter-electrode gap of the next layer could be re-written as following equation 
dddd dinitial 1  (8.3) 
Now, the critical conditions for the transition of material removal mechanism could be 
hypothesized based on the equation (8.3) and thus there are three distinct situations: 
a. Case 1: dd   
In this case, the layer of material dissolved by electrochemical reaction is thicker than 














Hence, from the equation (8.3), we can obtain  
initialdd 1  (8.4) 
From equation (8.4), it can be seen that the new inter-electrode gap d1 is higher than 
the dinitial which is the gap that the discharge stops. This indicates that there will be no 
more discharge and the material is entirely removed by ionic dissolution from the next 
layer. Hence, this case could be considered as pure micro-ECM milling. 
b. Case 2: dd thres (dd   0) 
The dthres is average surface roughness formed by overlapping discharge craters. In this 
case, the amount of dissolved material is very small and negligible (dd  0). Therefore,  
sds dddd   (8.5) 
The material is entirely removed by the discharges. Therefore, this circumstance could 
be seen as micro-EDM milling alone. Ideally, this situation only appears when dd = 0. 
However, the surface generated by micro-EDM is not perfectly flat in view of the 
overlapping of craters. Hence, it is implied that when the dissolved thickness is less 
than the roughness of the surface generated by the sparks, the effect of material 
dissolution is considered to be negligible. Therefore, the threshold value dthres could be 
decided based on the average roughness of surface generated by electric discharges. 
c. Case 3: dthres d  
In this situation, the simultaneous micro-EDM and micro-ECM milling condition is 
attained because the material is removed by both the electric discharge and 
electrochemical reaction during machining. 





In brief, it could be observed that the criteria for the transition of material removal 
mechanism depends on the thickness of material layer that electrochemical reaction 
could dissolve when the electrode is scanned over the surface. Hence, the critical 
condition for material removal mechanism transition could be obtained based on the 
prediction of dd for different feedrate and layer depths. Figure 8.4 illustrates the 
hypothesized graph for transitions of the three aforementioned cases. 
 
Figure 8.4: Illustration of hypothesized conditions for the transitions of different 
material removal mechanisms 
8.2.2 Dissolution time 
Prior to the development of the model, it is assumed that the surface roughness of the 
workpiece and surface generated by the sparks are neglected for the gap distance. The 
volume of material removed per horizontal feed is given by the equation 
fDdVV   (8.6) 
where D is the diameter of electrode and Vf is the horizontal scanning feedrate 
Hence, the volume removed by the discharge per feed is 





fsVDdV   (8.7) 
During machining, the horizontal feeding is given to the electrode in every second. 














in which MRRs is the maximum material removal rate of the sparks. As a result, the 
time percentage for material dissolution in one second is 
sd 		 1  (8.9) 
In contrast to electric discharge which stops when the inter-electrode gap exceeds a 
specific distance (dinitial), the electrochemical reaction still occurs on a certain area 
provided that it is still facing the bottom surface of the electrode. However, it was also 
reported that the material dissolution gradually progresses from the outside towards the 
center of the facing area due to the escape of gases generated during the sparks 
(Nguyen et al., 2012). Hence, the effective dissolution time for one point on the 








Dt 		  1
 (8.10) 
where d is the dissolution time coefficient 
From section 8.2.1, it is hypothesized that the critical conditions are decided based on 
the thickness of material layer dissolved by electrochemical reaction. This amount is 





decided by the dissolution time td and the dissolution rate. Hence, in the next stage, the 
dissolution rate needs to be determined. 
8.2.3 Dissolution rate 
Low-resistivity deionized water could be considered as a weak electrolyte due to its 
slight conductivity. When a voltage is applied across two electrodes immersed in 
deionized water, the double layer is formed at the interface of electrode and electrolyte. 
This electrode-solution interface is reported to behave as a two parallel plate capacitor 
and the dissolution rate is exponentially dependent on the polarization of this double 
layer (Schuster et al., 2000; Bard and Faulkner, 2001). Thus, the inter-electrode gap 
could also be modeled as shown in Figure 8.5 (De Abril et al., 2008; Kozak et al., 
2008).  
 
Figure 8.5: Model of electrode-workpiece gap in terms of circuit element 
Using the identical approach presented in section 6.2.2 and 6.2.3, the average 
dissolution rate per second is given by the equation 
zF
Mia
























8.2.4 Feedrate for critical conditions 
Based on the critical thickness of material layer removed by material dissolution from 
section 8.2.1 and the dissolution rate  obtained in section 8.2.3, the critical dissolution 
time td could be determined. Accordingly, the feedrate for critical conditions could be 





















Figure 8.6: Iterative algorithm to determine the critical feedrate 
dg = dinitial, t = 0, t 
dg < dinitial + dcritical  
Calculate  
Current density: iF = ioexp(zf) 
dg =   t 
dg = dg + dg 
t = t + t 
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It should be noted that the current density is a function of electrode-workpiece dg as 
indicated in equation (6.5) and equation (6.8). Hence, to determine the dissolution time 
td for a certain layer depth dd, the iteration algorithm is used to update the new 
dissolution rate after each time step t, as shown in Figure 8.6. The dcritical is the 
critical dissolution thicknesses that have been hypothesized in section 8.2.1. For micro-
EDM/SEDCM milling transition, dcritical is the threshold thickness dthres and for 
SEDCM/micro-ECM milling transition, dcritical is the layer depth d. Then, the critical 
feedrate could be obtained by using the equation (8.12).  
8.3 Simulation and experimental verification 
8.3.1 Simulation parameters and experimental details 
The experimental works are twofold. Firstly, a series of micro-slots was fabricated 
with different layer depths and feedrate to compare with the simulated data from 
modeling works. Secondly, a set of parameters representing three typical machining 
modes micro-EDM/SEDCM/micro-ECM milling were selected to fabricate micro-slots 
for providing the insight into the material removal mechanism. Here tungsten and SUS 
304 stainless steel are used as the electrode and workpiece materials respectively. The 
primary machining conditions used for experimental tests are given in Table 8.1.  
Table 8.2 summarizes the parameters used for simulation works. The initial gap 
distance dinitial and the maximum removal rate of the sparks are empirically obtained 
from the preliminary work. The average surface roughness of micro-EDMed surface is 
around 0.10.15 m and the threshold dissolution depth is set to be 0.1 m for 
simulation process.  





Table 8.1 Machining conditions for verification of material removal mechanism 
Electrode diameter (m) 120 
Deionized water resistivity (M cm) 0.5 
Electrode rotation speed (rpm)   500 
Voltage (V) 60 
Resistor () 220 
Capacitor (pF) 265 
Frequency (kHz) 500 
Duty ratio (%) 35 
Layer depth (m)  0.2, 0.5, 1  
Horizontal feedrate (μm/s) 1, 3, 5, 7, 10, 15, 20 
 
Table 8.2 Simulation parameters for transitions of material removal mechanism  
Initial gap distance, dinitial (m) 5 
Electrode diameter, D (m) 120 
Pulse amplitude, U (V) 60 
Pulse frequency (kHz) 500 
Pulse duty ratio 0.35 
Maximum removal rate of sparks, MRRs (m3/s) 2364 
Specific resistivity of solution,  (Mcm) 0.5 
Double layer capacitance, CDL (F/cm2) 0.5 
Transfer coefficient,  0.5 
Valency number of ions, z 2 
Faraday constant, F (C mol-1) 96485 
Gas constant, R (J mol-1 K-1) 8.314 
Temperature, T (Kelvin) 298.15 
Exchange current density, io (A/cm2) 70 
Molar volume, M (cm3/mol) 7.11 
Time step, t (s) 0.5 
Dissolution depth threshold, dthres (m) 0.1 
Dissolution time coefficient, d 0.9 
 
8.3.2 Simulated results 
Figure 8.7 plots the simulated data of critical conditions for material removal 
mechanism transitions. The upper curve represents the micro-EDM/SEDCM milling 
transition whereas the lower one denotes the SEDCM/micro-ECM milling transition. It 
could be seen that the micro-EDM milling would dominate at very high feedrate value 




and the machining mode would be converted into pure micro-ECM milling when the 
feedrate is too low. The SEDCM milling could only be attained at the moderate 
feedrate in which both the electric discharge and the electrochemical reaction could 
occur during machining. In addition, it could be observed that lower feedrate is 
required for SEDCM milling when larger layer depth is used because more material 
needs to be removed by the sparks in every feed. The experimental tests were carried 
out to verify these findings and compare their results with the simulated data. 
 
Figure 8.7: Simulated data of critical conditions for transitions of different material 
removal modes 
8.3.3 Experimental verification 
Figure 8.8 shows the SEM images of micro-slots machined for different layer depths 
and feedrate. It is observed that for 1 μm layer depth and 20 μm/s feedrate, the 
machined area is fully covered with overlapping discharge craters, which denotes that 
pure micro-EDM milling mode is obtained. When the feedrate is reduced or smaller 
layer depth is used, there appears a smooth zone on the machined area. This reveals 
that the electrochemical reaction has occurred to dissolve the affected material layer on 





micro-EDMed surface. In other words, there is the transition from micro-EDM milling 
to SEDCM milling. It is also noted that the craters still exist at the two ends of micro-
slots, especially on the left area where the electrode stops. This is due to the fact that 
there is less dissolution time for these two corners. Hence, when the craters merely 
exist on the two semi-circles at the two ends of micro-slots, the SEDCM milling mode 
is considered to be attained. Accordingly, from Figure 8.8, this hybrid machining mode 
is obtained when feedrate is reduced to 15 m/s for 0.2 m layer depth. For layer 
depth of 0.5 and 1 μm, it is observed to be 10 and 7 m/s respectively. It should be 
highlighted that with larger layer depth, the SEDCM milling mode is attained at lower 
feedrate. This is in accordance with the aforementioned simulated results because more 
material needs to be removed by the sparks when feeding is given to the electrode. In 
addition, it is also seen that when the feedrate is reduced to 5, 1, 1 m/s for 1, 0.5, 0.2 
m layer depth respectively, the discharge craters at the two ends of micro-slots are 
found to vanish from machined area, especially on the left side which is the last 
position of the electrode. This is probably a consequence of long dissolution time 
yielded by low feedrate. This implies that the material removal mechanism is likely 
converted to pure micro-ECM.   
The experimental results of machining modes for different feedrate and layer depths 
are superimposed on simulated data, as plotted in Figure 8.9. The comparison between 
the experimental and simulated results establishes that the SEDCM milling is only 
attained at moderate feedrate. When the feedrate is too high, the sparks occur most of 
the time and micro-EDM milling dominates. On the contrary, when the feedrate is too 
low, machining mode is converted to pure micro-ECM milling.   
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Figure 8.8: Micro-slots machined with different feedrate and layer depths 





Figure 8.9: Modes of machining obtained from experimental works 
8.4 Analysis of the three typical material removal mechanisms  
To further analyze the material removal mechanism of the three typical machining 
modes, further experimental tests were carried out. The parameters representing three 
distinct machining modes were selected based on the simulated data and the 
experimental results obtained in section 8.3. For pure micro-ECM milling, the feedrate 
was set to be 1 m/s and the layer depth used was 0.5 m. For micro-EDM and 
SEDCM milling, the layer depth was fixed at 1 m for both cases while the horizontal 
feedrate was set to be 5 m/s for SEDCM milling and 20 m/s for micro-EDM 
milling. 
Figure 8.10 exhibits the SEM images of obtained micro-slots with the superimposition 
of electrode location. The electrode moves horizontally from right to left and it is 
purposely lifted up at the middle of the slot to examine the occurring material removal 
phenomenon. For micro-EDM milling mode, it could be observed that the area of 
electrode position is entirely covered with discharge craters, as shown in Figure 





8.10(a). Especially, the overlapping craters are found to be left over on the zone that 







Figure 8.10: SEM images of micro-slots machined for three typical machining modes: 
(a) micro-EDM milling, (b) SEDCM milling and (c) micro-ECM milling 






Figure 8.11: SEM image of area machining by SEDCM milling 
In case of SEDCM milling mode, it is observed that the discharge craters exist on a 
part of area where the electrode locates, as exhibited in Figure 8.10(b). However, it 
should be highlighted that the discharge craters have been swept away on the machined 
area that the electrode scanned over. This provides the insight into the material 
removal mechanism of SEDCM milling. Both electric discharge and electrochemical 
reaction occur during one feed, so discharge craters could be found on a part of 
electrode facing area. However, the machined surface is found to be smooth when the 
electrode has gone through owing to the effect of electrochemical reaction. Figure 8.11 
magnifies the machining area at the electrode location. The feeding direction is right-
to-left. Hence, the newly-formed craters could be seen on the left area whereas the 
material dissolution is found to be occurring on right side. It is also noted that the 
dissolution progress from outside towards the central area. This phenomenon stems 
from the escape of gases generated during the sparks and the difficulty of deionized 
water in infiltrating into the fine gap, which has been discussed in chapter 5. 
Figure 8.10(c) shows the machining zone in case of micro-ECM milling mode. It 
should be highlighted that no visible crater could be traced on the machined zone as 





well as at the electrode position. This indicates that no spark occurs and the material is 
entirely removed by electrochemical reaction for this case.  
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Figure 8.12: Topology of surfaces generated under the three typical machining modes: 
(a) micro-EDM milling, (b) SEDCM milling and (c) micro-ECM milling 





Figure 8.12 compares the topography of surfaces machined under three typical 
machining modes. The profiles of these surfaces are also plotted in Figure 8.13. From 
these two figures, it is observed that the surface roughness is significantly reduced 
when material removal mechanism is converted from micro-EDM milling to SEDCM 
milling (from 0.12 μm Ra to 23.6nm Ra).  
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Figure 8.13: Profilographs of surfaces generated under three different machining 
modes: (a) micro-EDM milling, (b) SEDCM milling and (c) micro-ECM milling 





8.5 Concluding remarks 
In this chapter, the analytical modeling has been performed to predict the critical 
conditions for transitions of micro-EDM/SEDCM/micro-ECM milling in low-
resistivity deionized water. Experimental tests have also been carried out to verify the 
simulated results. The following conclusions could be drawn: 
 The thickness of material layer that electrochemical reaction could dissolve 
when the electrode scans over the surface is key parameter to characterize the 
mode of material removal. 
 SEDCM milling is only attained at moderate feedrate. When the feedrate is too 
high, the sparks occur most of the time and micro-EDM dominates. On the 
contrary, when the feedrate is too low, machining mode is converted to pure 
micro-ECM. 
 Lower feedrate is required for SEDCM milling when larger layer depth is used 
because more material needs to be removed by the sparks in every feed. 
 In SEDCM milling, after the electrode has scanned over, the machined surface 
is found to be smooth because the electrochemical reaction dissolves the 
affected material layer generated by the sparks. 





Chapter 9  Tool-path Generation and Profile Error 




Among the versatile machining processes to fabricate complex micro-shapes, micro-
EDM milling is superior owing to its negligible cutting force. In order to machine 
intricate features, it requires the application of CAM software to automatically 
generate the motion pattern for the electrode. Although most commercial CAM 
systems cater for conventional milling, they cannot be directly applied for micro-EDM 
milling due to the electrode wear issue and the existence of machining gap during 
machining. In addition, there exist some systematic errors which affect the dimensional 
accuracy and the final form of obtained shapes. This chapter presents these process-
related issues and proposes an approach in customizing the conventional milling CAM 
software for micro-EDM milling of 3D intricate shapes. In addition, the error 
components of 3D micro-EDM milling process are also identified and analyzed. In 
particular, geometric models are presented to simulate the effect of virtual electrode 
corner radius on the profile error of machined micro-shapes. 
9.2 Error components in 3D micro-EDM milling 
In 3D micro-EDM milling process, the original shape of electrode need to be 
maintained during the entire machining process to prevent error due to the electrode 
wear. As discussed in the literature review, the bottom wear makes the electrode length 





shorter and the corner wear changes its shape. In view of electro-erosion nature, the 
electrode wear is inevitable. Therefore, one way to keep the tool shape unmodified is 
to eliminate the corner wear. From this point of view, the discharges are intentionally 
held to occur merely on the bottom side of the electrode. Consequently, only the 
electrode length is shortened whilst the tool shape is preserved so that the electrode 
wear needs to be compensated only in the longitudinal direction.  
In order to fulfill the aforementioned requirement, a layer-by-layer material removal 
strategy is exploited whereby the layer depth is of prime importance. The depth of each 
layer must be smaller than a critical value, which is the machining gap, as shown in 
Figure 9.1(a). In Figure 9.1(b) where the layer depth is greater than the machining gap, 
the sparks occur not only on the bottom side but also on the lateral surface of tool 
electrode, resulting in the alteration of both electrode length and shape. In addition, 
large layer depth incurs poorer flatness of machined surface. Hence, the layer depth is 
usually kept much smaller compared to the machining gap.  
 
Figure 9.1: Illustration of electrode wear in micro-EDM milling: (a) only bottom wear 
(d < machining gap) and (b) both bottom wear and corner wear (d > machining gap) 










9.2.1 Machining gap 
In contrast to conventional micro-milling, micro-EDM is a non-contact machining 
process so there is a short distance between the workpiece surface and the tool 
electrode. Hence, the generated profile is apart from the electrode surface by the 
machining gap. Although this fine gap is as small as few microns in micro-EDM, it is 
essential to take this issue into account for achieving better dimensional accuracy. 
Therefore, aside from the radius of electrode, the offset distance in micro-EDM milling 
also involves the machining gap, as illustrated in Figure 9.2. 
 
Figure 9.2: Tool path offset in micro-EDM milling 
9.2.2 Electrode wear  
In conventional CAM software which mainly caters for conventional milling, tool 
length and tool shape are treated unchanged during the entire machining process. Thus, 
electrode wear compensation needs to be incorporated in the tool path generation 
system for micro-EDM milling. In this system, the electrode wear would be 
compensated after each layer during post-processing. Hence, the electrode wear data 
for compensation must be determined. The longitudinal wear of each layer would be 










9.2 Tool path generation system 
Due to the existence of electrode wear and the machining gap which have been 
mentioned above, the existing commercial CAM module could not be directly applied 
for micro-EDM milling. Since they mainly cater for conventional milling, the tool 
shape and tool length are presumed to be unchanged during the entire machining 
process. Hence, it is required to be modified and developed for 3D micro-EDM 
milling. Figure 9.3 shows the tool path generation system used in this study which has 
been developed based on the SolidWorks 2011 and the ESPRIT CAM 2010 
environment.  
 
Figure 9.3: Tool path generation system 





In this system, the compensation of machining gap is performed in the second step 
whereas the electrode wear compensation is realized at step 4, 5 and 6. The details of 
each step are given as below. 
Step 1: Building 3D CAD model 
Prior to tool path generation, a 3D model of the desired shape is built using the 
computer-aided design (CAD) environment. This model is then used in the CAM 
software as the targeted final shape. 
Step 2: Selection of machining parameters and removal strategy 
After the 3D CAD model has been transferred to the CAM system, different machining 
parameters are selected. Firstly, the electrode-workpiece gap must be determined.  As 
mentioned above, aside from the radius of electrode, the offset distance in micro-EDM 
milling also involves the machining gap, as illustrated in Figure 9.2. Moreover, the 
machining gap exists not only on the lateral surface of the electrode but also on its 
bottom side. In order to resolve this machining gap issue, the concept of a virtual 
electrode is proposed. This virtual electrode is defined to be larger than the real 
electrode by the machining gap on all sides, as illustrated in Figure 9.4. Consequently, 
the diameter of the virtual electrode will be bigger than the real electrode by two times 
of machining gap and its length is longer than that of the real electrode by the 
machining gap. By considering that the virtual electrode is used as the cutting tool 
instead of the real electrode, the process is considered to be similar to conventional 
micro-milling except the electrode wear. Therefore, the electrode offset could be 
automatically calculated and thus the machining gap is compensated properly. This 
method is also flexible in case of using different discharge pulse energies. The 




machining gap varies when the discharge pulse energy is changed. When different 
pulse energy is used, the corresponding machining gap could be accordingly 
compensated just by selecting new dimensions of the virtual electrode. 
Then, the machining strategy is selected based on the layer depth, the electrode overlap 
distance and the horizontal scanning feedrate. 
Step 3: Tool path generation 
In this step, the tool path is generated following the preset removal strategy using the 
ESPRIT CAM 2010. The tool path pattern allows the electrode to remove all material 
of a certain layer before it starts a new one. 
Step 4: Slicing of the removed volume  
As mentioned above, the conventional CAM software does not take the electrode wear 
issue into account. Therefore, the electrode wear would be compensated during post-
processing. In order to have the electrode wear data, the longitudinal wear after every 
layer is determined based on the volume of that layer and the volumetric electrode 
wear ratio. Hence, in this step, the 3D CAD model of the removed volume is sliced 
into a series of layers. Then, the volume of each layer could be obtained.  
 
Figure 9.4: Illustration of 3D view and cross-sectional view of the virtual electrode 









Step 5: Calculation of electrode wear after each layer 
Based on the volume of each removed layer obtained from the previous step, the length 




Vl    (9.1) 
where  is the electrode-workpiece volumetric wear ratio, Vi is the volume of the layer 
i and Ae is the cross section area of the electrode. 
Step 6: Post-processing 
This step involves the translation from tool path pattern to motion program for the 
machine tool. After the preliminary machining program has been generated, the 
iteration is used to compensate for the longitudinal electrode wear after each layer. The 
new Z coordinate of layer i+1 is determined as follows: 
iii ldZZ 1  (9.2) 
where d is the preset layer depth and li is the longitudinal wear after the layer i. 
Step 7: Transfer of program to the machine tool  
After post-processing, the final motion program is downloaded to the controller of the 
machine tool. The machining process is then started to fabricate the desired micro-
shapes. 





9.3 Experimental details and machining conditions 
To demonstrate the effect of the systematic errors, two typical micro-shapes shown in 
Figure 9.5 are chosen. Figure 9.5(a) is the micro-dome formed by a partial sphere 
whereas Figure 9.5(b) exhibits the truncated square micro-pyramid constructed by four 
planes inclined at 45. Both the micro-cavities has the size of 0.4  0.4  0.05 (mm). 
 
Figure 9.5: The 3D CAD models of sample micro-shapes: (a) micro-dome and (b) 
truncated square micro-pyramid 
Table 9.1 shows the parameters defining the tool path and removal strategy whereas 
Table 9.2 exhibits the main machining conditions of micro-EDM milling process. Prior 
to machining, the tungsten electrode was on-machine fabricated by horizontal block-
electro-discharge-grinding to eliminate the eccentricity induced by clamping error. The 
bottom surface of the electrode was also dressed to make it flat. Then, the experimental 
works were carried out to fabricate two typical micro-shapes on stainless steel SUS 
304 workpiece. The electrode wear ratio and the electrode-workpiece gap were 
obtained from the preliminary experiments of slots fabrication. 
Table 9.1 Tool path parameters for 3D micro-EDM milling 
Electrode diameter (m) 90 
Electrode wear ratio (%) 1.1 
Machining gap (m) 5 
Layer depth (m) 0.5 
Scanning feedrate (μm/s) 50 
Tool path overlap (m) 10 
(b) (a) 




Table 9.2 Machining conditions for 3D micro-EDM milling  
Machining fluid DI water 0.5 M cm 
Voltage (V) 60 
Resistor () 220 
Capacitor (pF) 265 
Pulse frequency (kHz) 500 
Duty ratio (%) 30 
Electrode rotation speed (rpm) 500 
 
9.4 Effectiveness of machining gap and electrode wear compensation 
Figure 9.6 shows the 3D-view and top-view SEM images of the machined micro-
cavity in the form of a five-petal flower, which demonstrates the capability of the 
developed CAM system in fabricating intricate shapes.  It should be highlighted that 
each of the five petals is formed by curved surfaces inclined above the horizontal. Such 
a complex cavity is infeasible to be fabricated without the development of a CAM 
system to automatically generate the compensated electrode motion program. Figure 
9.7 outlines the 3D surface profile of the obtained micro-flower, revealing the good 
flatness and integrity of the fabricated shape. 
   
Figure 9.6: SEM micro-graphs of intricate micro-cavity: (a) 3D view and (b) top view 




Figure 9.7: Three-dimensional surface profiles of the fabricated intricate micro-cavity 
In order to demonstrate the effectiveness of machining gap and electrode wear 
compensation, experiments were carried out to fabricate the aforementioned typical 
micro-shapes. Two sets of these micro-cavities were fabricated. In the first set, neither 
the machining gap nor the electrode wear was considered. Accordingly, the electrode 
was defined following its real dimension. The Z-axis coordinate of each layer was also 
not corrected. On the contrary, for the second set, the virtual electrode was defined 
using the afore-presented method and the new Z-axis coordinate of each layer was 
updated based on the electrode wear data calculated.
9.4.1 Electrode wear compensation 
Figure 9.8 shows the SEM images of obtained micro-cavities and the 3D profiles of the 
two sets are plotted in Figure 9.9.  From Figure 9.9(a) in which the electrode wear is 
not taken into account, it could be observed that the depth of the machined micro-
cavity is around 35 μm only, which is significantly deviated from the 50 μm desired 
depth. This demonstrates the effect of the electrode wear during machining on the final 
dimension of fabricated shape. Although the layer-by-layer removal strategy is 
effective in maintaining the original electrode shape, the length wear must be 
appropriately compensated to obtain the target depth of the micro-cavity. Without the 




electrode wear compensation, the electrode becomes shorter after removing a layer and 
it induces an error in Z-axis coordinate of the electrode tip. This systematic error is 
cumulative after each layer and it becomes as high as 15 μm for the entire machining 
process in this case.  
    
Figure 9.8: SEM images of fabricated shapes: (a) micro-dome and (b) micro-pyramid. 
Hence, the Z-axis coordinate of the electrode tip needs to be updated through the 
length wear compensation before it starts to remove a new layer. The longitudinal wear 
of the electrode after each layer is thus calculated using the procedure described above. 
It should be highlighted that with the compensation of the electrode wear after each 
layer, the depth of the obtained micro-cavity is found to increase to nearly 50 μm, 
which is the desired final dimension, as indicated in Figure 9.9(b). This demonstrates 
that the longitudinal wear compensation is crucial in achieving high geometrical 
accuracy of 3D micro-EDM milling. It also shows that the developed tool path 
generation system is effective in compensating the electrode length wear during 
machining. 







Figure 9.9: The 3D surface profiles of fabricated micro-shapes: (a) without electrode 
wear and machining gap compensation and (b) with electrode wear and machining gap 
compensation. 
9.4.2 Machining gap compensation 
In micro-EDM, there is no direct contact between the electrode and workpiece, and 
thus they are separated by the machining gap. Although this fine gap width is within a 
few microns, it may affect the dimensional accuracy of the final machined shape. 
Figure 9.10(a) shows the cross-sectional profile of the machined surface without the 
consideration of machining gap. During the tool path generation, the tool offset is 
defined based on its actual diameter. It can be observed that the width of the fabricated 
cavities is about 410 μm, which is larger than the desired dimension by 10 μm. This 





deviation is found to be equivalent to two times of the 5 μm machining gap which was 
determined in a preliminary study. Using the virtual electrode concept to compensate 
for the machining gap, the width of the obtained micro-shape is found to be 




Figure 9.10: Cross-sectional profiles of fabricated micro-shapes: (a) without electrode 
wear and machining gap compensation and (b) with electrode wear and machining gap 
compensation 
Similarly, with the appropriate compensation of longitudinal electrode wear and the 
machining gap, the micro-cavity formed by four inclined planes with relatively good 
dimensional accuracy is also obtained, as showed in Figure 9.11. This indicates that 
machining gap compensation is also a prime factor for obtaining high dimensional 
accuracy in micro-EDM milling and it must be considered during electrode definition 
and tool path generation. 





Figure 9.11: Cross-sectional profile of fabricated micro-pyramid with the 
compensation of both machining gap and electrode wear  
9.5 Compensation of virtual electrode corner radius 
9.5.1 Corner radius of virtual electrode and its effect 
To analyze the profile accuracy, Figure 9.12 compares the measured cross-sectional 
profiles of the fabricated shapes with their ideal profiles. It could be seen that the side 
and the bottom sections of micro-cavities have relatively good fit with the ideal profile. 
However, it is realized that the curved section of micro-dome are apart from the ideal 
profile by a small distance, as can be seen in Figure 9.12(a). A similar observation is 
also found in the slanting sections of micro-pyramid, as shown in Figure 9.12(b).  
 
Figure 9.12: Measured profiles vs. ideal profiles of fabricated micro-shapes without 
corner radius compensation: (a) micro-dome and (b) micro-pyramid 




Figure 9.13 exhibits the closer view of these two sections with the additional 
superimposition of the theoretical profiles. Because the material is removed layer by 
layer, the theoretical profile would be in the form of a stepped line. When the layer 
depth is 0.5 m, it can be seen that the theoretical profiles and the ideal profiles have 
the close fit. However, the measured profile is observed to be apart from the theoretical 
by a significant distance. It is also observed that the deviation is quite uniform for the 
inclined plane while it gradually increases for the partial sphere. Hence, this deviation 
is hypothesized to be attributed to the corner radius of virtual electrode. The virtual 
electrode is not perfectly sharp and its corner should be rounded off with a fillet radius 
due to the limited distance of the machining gap and the imperfect sharpness at the 
edge of the real electrode, as illustrated in Figure 9.14. This corner radius is mainly 
formed by the limitation of the gap distance so it is presumed to be virtual corner 
radius. 
 
Figure 9.13: Comparison between measured profiles, ideal profiles and theoretical 
profiles of fabricated micro-shapes: (a) micro-dome and (b) micro-pyramid 
Following this hypothesis, the profile generated by the overlapped virtual electrode 
corner is further superimposed as plotted in Figure 9.15. It could be observed that 
when the corner radius exists, the generated overlapping profile is separated from the 




theoretical profile by a significant gap. Moreover, it should be highlighted that the 
separated distance is seen to be even for the slanted line and it increases gradually for 
the curved section, which are in accordance with the above-mentioned experimental 
results. Because the issue stems from the corner radius, this profile error only appeared 
when the intricate 3D shapes such as the inclined plane or curved surface are 
machined. Hence, it reveals that the corner radius of virtual electrode likely accounts 
for the profile error of these 3D complex shapes. 
 




Figure 9.15: Illustration of profiles generated by the electrode with virtual corner 




virtual corner radius 
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9.5.2 Geometric models to simulate profile error 
Figure 9.16 shows a geometrical model which manifests the profile error in case of no 
compensation for virtual electrode corner radius. The theoretical error ht is determined 
by the step height of each layer: 
cosdht   (9.3) 
where d is the layer depth and  is the slope angle of the incline. 
When there exists the corner radius and it is not compensated, the profile error will be: 
hHe   (9.4) 
where h is the scallop height formed by overlapped electrode profile and H is the 
shortfall stemming  from the corner radius: 
)12(  rH  (9.5) 
in which r is the corner radius of the virtual electrode 
From this, it can be seen that with the existence of the corner radius, the theoretical 
error ht is no longer valid and it is superseded by profile error e. 
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9.5.2.1 On an inclined plane 
Figure 9.17 shows the geometric model when the corner radius of the virtual electrode 
is implemented during tool path generation. Instead of the sharp comer, the tool tip 
coordinate is now determined based on the contact of the ideal profile and the corner 
profile of the virtual electrode. Because the layer depth is much smaller than the 
machining gap (d << r) to eliminate the corner wear, the theoretical profile error h 
would be the scallop height formed by the overlapped corner radius. 
 
Figure 9.17: Profile errors of slanting section with the compensation of virtual corner 
radius. 
Let the O1XZ be the rectangular coordinate system as shown in Figure 9.17. The 
coordinate of intersection point A will be the result of a set of two equations: 










  (9.6) 
Solving for zA, it gives: 
  22 sin2/ drzA   (9.7) 














  22 sin2/ drrh   (9.8) 
It could be seen that the H is deducted in theoretical profile error as compared to 
equation (9.4), which is the result of corner radius compensation. 
9.5.2.2 On a spherical surface 
On a spherical surface, the intersection point of the overlapped electrode profile 
depends on the location of the electrode. Again, the layer depth is much smaller than 
the machining gap (d << r) to eliminate the corner wear, there are two situations 
determining the intersection point as shown in Figure 9.18. At the same layer depth d, 
when the x is larger than or equal the critical distance, the intersection point will be 
defined by the line (L) and the circle (C2), as illustrated in Figure 9.18(a). On the 
contrary, when the x is smaller than the critical distance, it is the intersection between 
the circle (C3) and (C4), as shown in Figure 9.18(b).  
In order to determine the theoretical profile error for these two circumstances, the 
geometric model shown in Figure 9.19 is used. 
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Case 1, 22 )(
12
rdrxxx OO   
Let the O1X’Z’ be the rectangular coordinate system as shown in Figure 9.19. The 
coordinate of intersection point A will be the result of a set of two equations: 



















Figure 9.19: Profile errors of curved section with the compensation of virtual corner 
radius 
So, 
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    11 cos,sin, 11 %% qqzx OO   (9.12) 
21 coscos %% qqd   (9.13) 




Case 2, 22 )(
34
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Let the OX’’Z’’ be the rectangular coordinate system. The coordinate of intersection 
point B will be the result of a set of equations: 









  (9.15) 
where  
rRq    (9.16) 
Then, 
  22 sincos"  qrqzB   (9.17) 
where 
     33 /cosarccos2/1 %%  qd  (9.18) 












qd  (9.19) 
The resulting height of the scallop is: 
Rzh B  "  (9.20) 





9.5.3 Experimental verification of virtual corner radius compensation  
The geometric models show that the profile error could be reduced when the corner 
radius is taken into account. In order to validate this point, the same typical micro-
shapes are fabricated with the implementation of corner radius compensation during 
tool path generation. Based on the machining condition used, the virtual electrode is 
defined to have 6-m corner radius which consists of 5-m machining gap and 1-m 
corner radius of the real electrode. The cross-sectional profiles of obtained micro-
shapes are plotted in Figure 9.20. Compared with the profiles in Figure 9.12, the 
measured profiles in Figure 9.20 are observed to be closer to the ideal profiles. This 
affirms that the virtual corner radius of electrode is also a key factor determining the 
dimensional accuracy of fabricated shape. The profile errors caused by this corner 
radius only appears when intricate shapes such as the curved surface or the inclined 
plane is fabricated.  
 
Figure 9.20: Measured profiles vs. ideal profiles of fabricated micro-shapes with 
corner radius compensation: (a) micro-dome and (b) micro-pyramid 





With the compensation of the corner radius and the setting of 0.5 m layer depth, the 
theoretical profile error is determined to be 0.011 m for slanted section (equation 
(9.8)) and it ranges from 0.006 to 0.3 m for curved section (equation (9.14) and 
(9.20)). Meanwhile, the measured average profile error is found to be 1.55 m for 
machined inclined plane and 0.89 m for curved section. These deviation are probably 
attributed to random errors caused by the detection of contact point between the 
electrode and workpiece prior to machining, the inherent surface roughness formed by 
overlapped discharge craters and the random error of measurements. However, it does 
show that the compensation of the corner radius of virtual electrode is effective in 
reducing the profile error. The average profile error e for curved section in Figure 
9.12(a) is 1.49 m while it reduces to 0.89 m for Figure 9.20(a). A similar 
observation is found for slanted section. It is found to decrease from 4.06 m in Figure 
9.12 (b) to 1.55 m in Figure 9.20(b). It should be highlighted that this reduction 
amount 2.51 m is consistent with the H in equation (9.5), which is determined to be 
2.485 m. 
For the partial spherical shape, in order to isolate the random error in detecting the 
contact point between the electrode and the workpiece, the curved surface is 
intentionally designed to be lower than the top surface by 5 m. By setting the top of 
spherical surface as a common point, the measured profiles of obtained micro-shapes 
are then superimposed in Figure 9.21. It could be observed that the obtained profile 
with the compensation of corner radius has better fit to the theoretical profile than that 
without the electrode corner compensation. Hence, it is revealed that the compensation 




of virtual electrode corner radius is effective in reducing the profile error of intricate 
3D micro-shapes. 
 
Figure 9.21: Comparison of generated profiles with and without the compensation for 
electrode corner radius 
9.6 Concluding remarks 
In this chapter, an approach to generate the tool path for 3D micro-EDM milling and 
some systematic errors which induce the profile error of obtained shapes are presented 
and discussed. The following are noteworthy conclusions:  
' The presented post-processing approach has been demonstrated to be effective 
in generating the tool path and the machining program for micro-EDM milling 
of intricate 3D micro-shapes  
' Machining gap, electrode wear and virtual corner radius of electrode are 
identified as three systematic errors of 3D micro-EDM milling which affect the 
dimensional accuracy of fabricated micro-shapes. 





' Profile errors induced by machining gap and electrode wear could be 
effectively reduced by adjusting the offset distance during tool path generation 
and updating the new Z coordinate of the electrode tip after each layer.  
' Geometric models are presented to simulate the effect of virtual electrode 
corner radius. The profile error induced by the corner radius only appears when 
intricate shapes such as curved surfaces or inclined planes are involved. 
' By appropriately eliminating these systematic errors, the typical 3D micro-
shapes with better dimensional accuracy are obtained. 





Chapter 10  Conclusions and Recommendations 
 
This chapter briefly summarizes the major findings and contributions of the study 
presented in this thesis. In addition, some directions for future works relating the field 
of this research are also suggested.  
10.1 Conclusions 
The study presented in this thesis is based on a proposed approach to combine micro-
EDM and micro-ECM in a unique hybrid machining process, namely simultaneous 
micro-EDM and micro-ECM in low-resistivity deionized water, which is capable of 
fabricating micro-shapes with enhanced surface integrity and dimensional accuracy. 
By exploiting low-resistivity deionized water as bi-characteristic fluid, electric 
discharge and electrochemical reaction are judiciously controlled to occur in the same 
process. The main conclusions and contributions of this study could be summarized as 
following:  
10.1.1 Micro-EDM in deionized water using short voltage pulses 
Using conventional RC-type pulse generator for micro-EDM in deionized water is not 
suitable because the machined shapes are severely distorted due to excessive material 
dissolution. For that reason, a new short pulse generator has been in-house developed. 
It is found that the stray material dissolution in micro-EDM using deionized water 
could be reduced by using short voltage pulses. Among the pulse parameters, pulse-on 
time is the main factor influencing the effectiveness of suppression as well as 
localization of material dissolution.  





10.1.2 SEDCM drilling and modeling of radial gap distance 
In low-resistivity deionized water, it is found that there is a conversion of material 
removal mechanism from mere micro-EDM to hybrid micro-EDM/ECM when 
feedrate is reduced. Arising from this observation, the simultaneous micro-EDM and 
micro-ECM (SEDCM)  technique has been developed. Three main factors in SEDCM 
drilling have been identified, namely low-resistivity deionized water, low feedrate and 
short voltage pulses. The surface finish of micro-holes has been found to be improved 
because a thin layer of affected material on the lateral surface is further dissolved 
owing to the effect of electrochemical reaction. 
In particular, the material dissolution in low-resistivity deionized water could be 
modeled by incorporating the double layer theory, Butler-Volmer equation and 
Faraday’s law of electrolysis. It is found that pulse parameters, such as frequency and 
duty ratio, directly affect the thickness of material layer further dissolved from inner 
surface of micro-holes by micro-ECM. Owing to double-layer charging phenomenon, 
short voltage pulses are effective in localizing the material dissolution zone and thus 
maintain high dimensional accuracy for SEDCM. Furthermore, when the pulse 
duration is too short, the material dissolution is negligible and SEDCM has no effect 
on improving the micro-hole surface. There is reasonable agreement between the 
simulated data and experimental results. These findings could make significant 
contributions because they are useful for determining suitable machining condition and 
predicting the dimensions of machined micro-holes.  





10.1.3 SEDCM milling and modeling of critical conditions for transitions of 
material removal mechanism 
Principle of SEDCM milling for fabrication of micro-shapes has been presented and 
experimentally demonstrated. Short voltage pulses are also observed to be effective in 
localizing the dissolution zone for greater precision of machined micro-shapes. Besides 
low-resistivity deionized water and short voltage pulses, feedrate is also a main factor 
to attain SECDM milling condition. A thin layer of affected material on micro-EDMed 
surface is further removed by electrochemical reaction whereby its surface integrity is 
improved. Hence, it shows that SEDCM milling is capable of producing micro-shapes 
with enhanced surface integrity and dimensional accuracy. Micro-shapes with surface 
roughness as low as 22nm Ra have been produced. This hybrid process is expected to 
provide meaningful contribution because it is a promising method to fabricate intricate 
features for precise micro-tooling which entails nano surface finish and sub-micron 
accuracy.  
In addition, criteria for transitions of micro-EDM/SEDCM/micro-ECM milling in low-
resistivity deionized water have been also presented. The critical conditions could be 
determined based on the thickness of material layer that electrochemical reaction could 
dissolve when the electrode scans over the surface. SEDCM milling mode is found to 
be attained only at moderate feedrate. When the feedrate is too high, the sparks occur 
most of the time and micro-EDM predominates. On the contrary, when the feedrate is 
too low, the machining mode is pure micro-ECM. Lower feedrate is required for 
SEDCM milling when higher layer depth is used because more material needs to be 
removed by the sparks in every feed. Additionally, the material removal mechanisms 
of three distinct machining modes have been analyzed and demonstrated. In SEDCM 





milling, after the electrode has scanned over, the machined surface is found to be 
smooth because the electrochemical reaction dissolves the affected material layer 
generated by the sparks. 
10.1.4 Tool path generation for fabrication of 3D intricate micro-shapes and 
profile errors compensation 
A post-processing approach to generate the tool path for the fabrication of 3D intricate 
micro-shapes has been introduced. This method has been demonstrated to be effective 
in generating the tool path and the machining program for 3D micro-EDM milling as 
well as SEDCM milling. Machining gap, electrode wear and virtual corner radius of 
the electrode are identified as three systematic errors of 3D micro-EDM milling which 
significantly affect the dimensional accuracy of fabricated micro-shapes. The profile 
errors induced by machining gap and electrode wear could be effectively reduced by 
adjusting the offset distance during tool path generation and updating the new Z 
coordinate of the electrode tip after each layer. Geometric models have also been 
presented to simulate the effects of the virtual electrode corner radius on dimensional 
accuracy. The profile error induced by the corner radius is more obvious when intricate 
shapes such as curved surfaces or inclined planes are involved. By appropriately 
eliminating these systematic errors, the typical 3D micro-shapes with better 
dimensional accuracy are obtained. These findings could make a significant 
contribution because they strengthen the capability of 3D micro-EDM milling and 
improve its performance for fabrication of high precision micro-mold and dies. 





10.2 Recommendations for Future works 
In this study, simultaneous micro-EDM and micro-ECM has been exploited as a 
unique hybrid machining process by using low-resistivity deionized water. However, 
there are certain issues that might be of interest for further studies. Some directions for 
future works are suggested as following: 
 In this study, the occurrence of both electric discharge and electrochemical 
reaction in the same machining process has been demonstrated with the 
enhancement of surface integrity of machined micro-shapes and micro-holes. 
However, the material removal mechanism could be further studied and more 
evidences could be obtained to yield better understanding of this hybrid 
machining process. Firstly, the by-products of this process could be examined 
such as the composition of debris. Secondly, the current waveform can be also 
monitored and captured for later analysis. Lastly, for the machined part, the 
improvement of its surface integrity could be further justified with the 
metallographic investigation of its cross-section.  
 The hybrid machining process in this research is mainly based on the 
association of micro-EDM and micro-ECM. Its performance could be further 
improved with the mixing of nano powder particles in the machining fluid. On 
the one hand, it can disperse the discharge energy of electric spark. 
Accordingly, smaller crater will be formed after each discharge leading to 
lower surface roughness. On the other hand, the polishing effect of these 
particles promoted by the rotation of electrode is also expected to enhance the 





surface finish of machined shape and improve MRR. Hence, this direction is 
also an interesting project for future research. 
 The electrode used in this study has a cylindrical shape which has some 
drawbacks such as the difficulty of debris to escape from the machining area 
and the impediment for fresh deionized water to infiltrate into the fine gap. By 
modifying the electrode shape to special forms such as the cylindrical electrode 
with spherical end, these issues are expected to be resolved and thus the 
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